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SUMMARY
Static and rotary cultures of adult mammalian hepatocytes have been 
routinely established from suspensions of monkey, rabbit and pig liver 
parenchymal cells isolated by means of a simplified, inexpensive recycling 
perfusion system.
Light and electron microscope examination of the cultures showed 
that the hepatocytes appeared to retain similar morphological chacteristics 
of fully differentiated hepatic parenchymal cells for up to 5 days in 
static culture and up to 1 0 days in rotary culture, after which time they 
degenerated and were replaced by other cell types.
The hepatocytes in both static and rotary culture, exhibited several 
major metabolic functions characteristic of liver in vivo, these included 
albumin synthesis, hippuric acid synthesis, urea production, bilirubin 
conjugation and responsiveness to insulin.
The foreign metabolising capability of the cultured hepatocytes 
was typical of cytochrome P-450, not cytochrome P-448 as reported by 
other investigators, as witnessed by the metabolite profiles of biphenyl, 
aminopyrine, ethylmorphine, benzo /0</pyrene and 7-ethoxycoumarin. When 
exposed to inducing agents such as phenbbarbitone a normal pattern of 
drug metabolising enzyme induction was observed.
As the findings indicated that the hepatic parenchymal cells in both 
rotary and static culture were viable and behaved in many respects like 
normal adult liver in vivo investigations were undertaken to ascertain
t
if such cultures could be used in in vitro bioassays for the detection of 
hepatotoxins and carcinogens.
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GENERAL INTRODUCTION AND RATIONALE
Studies have revealed that the liver is the main site for the 
metabolism of foreign compounds by non-specific enzymes, and as such 
has an important role in the protection of the organism against 
intoxication. For this reason a variety of methods have been evolved 
for experimental liver research in vitro. The methods generally used: 
are, centrifugal', fractions of liver cell homogenates, perfused liver, 
incubated liver slices, "liver" cell lines and isolated hepatic 
parenchymal cells. A major problem associated with the first three 
methods is the very pronounced diminution of metabolic activity after 
2 - 4  hours in vitro. Subsequently cell and tissue culture of liver 
have attracted much interest, the value of these methods is frequently 
limited by the fact that functional changes commonly occur in culture, 
as discussed later, these are especially evident in highly specialised 
cells such as those of the hepatic parenchyma. For this reason it was 
considered that, rather then use an established liver cell line for 
studies of drug metabolism, it might be more fruitful to employ non­
dividing hepatocytes in short term cultures.
The aim of the investigation was twofold:
1. To produce cultures of non-proliferating adult mammalian 
hepatocytes which retain as many as possible of the functional 
characteristics of these cells in vitro
2. To use these hepatocytes in screening tests for toxic agents 
and carcinogens.
It was hoped that hepatocytes in primary cell culture would be 
valuable in hepatotoxicity, carcinogenicity and metabolic studies. As
the problems involved in the production of such cultures are related 
to the anatomical and histological organisation of the liver, an . 
account of the relevant features of this will first be given. This 
will be followed by a brief review of the development of tissue culture 
techniques as a background to the more detailed description of 
procedures used for liver cells.
•CHAPTER■1 'INTRODUCTION
Brief Description of the Anatomy and Histology of Mammalian Liver
1. Gross Anatomy
1.1 Parenchymal tissue
The liver is a reddish-brown epithelial organ with both endocrine 
and exocrine functions. It is covered by a fibrous capsule (which 
is of variable thickness in the different species, being 
particularly thick in pigs). This external capsule is continuous 
at the porta hepatis with a band of connective tissue which enters 
the liver parenchyma to surround individual liver lobules and give 
internal support. Alongside this connective tissue run the portal 
vein, hepatic artery and bile ducts. The blood is drained by the 
hepatic veins, and reaches the heart via the inferior vena cava.
1.2. Blood vessels
The principal afferent blood vessel of the liver is the portal 
vein which supplies 90% of the blood. It collects the blood from 
the viscera of the digestive tract and from the spleen and enters 
the liver at the porta hepatis together with the hepatic artery. The 
mammalian liver receives only about 1 0 % of its blood supply from the 
hepatic artery, thus a relatively small amount of fully oxygenated 
blood is used to nourish the interlobular connective tissue and the 
parenchyma of the gland. The blood is drained from the liver chiefly 
by three large hepatic veins, the vena hepatica dextra (.right) , 
media (middle) and sinistra Cleft); the latter two frequently empty 
through a common trunk into the inferior vena cava.
Throughout the liver the terminal branches of the portal vein 
and the radicles of the hepatic vein are about equidistant.. Each 
radicle of the hepatic vein is surrounded by a layer of liver 
tissue of uniform thickness which constitutes the hepatic lobule. 
Because of their central position in the hepatic lobules the 
intralobular tributaries of the hepatic vein are called central 
veins, several of which join to form an intercalated vein. Several 
of these veins unite to form each of the collecting veins which in 
turn join to form the hepatic vein.
Micro anatomy 
Organisation
*1 Parenchymal cells
The mammalian liver can be described as consisting of continuous 
parenchyma surrounded by a continuous labyrinth of vessels, the 
lacunae, in which a three dimensional network of sinusoids are 
suspended through which venous blood flows from the gut to the 
heart. The parenchyma forms a system of walls one cell thick between 
the lacunae. This was first described by Elias (1952) who named it 
the muralium.
2 Hepatic sinusoids
The specialised capillaries of the liver are called the 
sinusoids and are suspended in the lacunae. They form an 
un-interupted three dimensional network connecting the ends of the
f
intralobular portal veins with the interlobular central veins.
Figure 1.1 Idealised Transverse Section of Mammalian liver to show 
Lobule structure.
Central Vein
Portal CanalLiver
Lobule
Each protal canal transmits a branch of the hepatic portal vein, 
hepatic artery, bile duct and lymphatic vessels.
Figure 1.2 Intralobular Structure of Mammalian Liver
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In normal mammalian liver the muralium is a continuation as 
is the lacunae with its network of sinusoids, yet under normal 
conditions a vaguely defined arrangement of sinusoids and lacunae 
can be seen around central veins constituting a hepatic lobule 
(Figure 1.1). The hepatic lobule however, as customarily 
described as a polygonal area surrounded by connective tissue, is 
common in adult pigs, polar bears and camels, but does not exist 
as such in man. When blood pressure decreases in the portal 
vein,as it does when it is compressed by a tumour or when pressure 
in the hepatic vein increases,portal lobules do appear.
Biliary passages
The bile canaliculus is formed by two grooves in the contact 
surface of two adjoining liver cells which fit together so that 
a cylindrical lumen arises. The bile canaliculi' do not have a 
wall of their own but they are lined by a condensation of cellular 
exoplasm (Elias 1949b).
The canaliculi form a net of polygonal meshes within the 
muralium which drain into the periportal ductules which form a 
plexus of small bile ducts.
Structure and Function of Cell Types of Mammalian Liver
The mammalian liver is a complex of different cell types which 
have individual differences in morphology and biochemistry in the
t
organ.
According to Waterlow (1953) 30% of the cells in the liver of
Africans are non-parenchymatous7 Gates (1961) however, estimated 
that in human liver there are about 31,000 sinusoidal cells per 
milligram of wet liver weight, this corresponds to 14 - 16% of 
total cell population. Daoust (1958) calculated that for 61% 
of parenchymal cells there are present in the rat liver 39% of 
non-parenchymatous cells. As non-parenchymal cells represent a 
considerable figure, the different cell types in the liver are 
described.
Epithelial cells
Parenchymal cells (hepatocytes)
Hepatocytes are polyhedral in shape, with six or more surfaces 
most have one large round nucleus, although binucleate cells are 
not uncommon. The nucleus is quite vesicular, having a smooth 
membrane, one or more nucleoli and a few ‘intranuclear dense 
bodies'.
The appearance of the cytoplasm of the hepatocytes varies 
with the functional state of the cell. Both-fat and glycogen 
can be demonstrated, the cellular content of these components 
showing great variation.
In conjunction with their endocrine and exocrine functions 
the hepatocytes have a cytoplasm which contains a large number of 
organelles: mitochondria, lysosomes, endoplasmic reticulum,
gogli complex and several types of inclusions - lipids, glycogen 
etc. f
The mitochondria are composed of an electron-dense matrix
surrounded by a double membrane (outer and inner); the inner 
one invaginates into the matrix to form mitochondrial crests, 
usually tubular in form. The mitochondria vary in size, number 
and ultrastructure and Novikoff (1961) pointed out variations 
of mitochondrial form in hepatocytes derived from perilobular 
and centrilobular areas. Elevations in mitochondrial number 
have been shown in hepatic regeneration (Rouiller 1957) and in 
monkeys suffering from yellow fever (Bearcroft 1962a). The 
decrease in the number of mitochondria in hepatocytes can have 
several causes: swelling and fusion (Gansler 1958) transformation
(Rouiller 1957) and destruction of lysosomes (Ashford 1962).
. Although lysosomes have been, .identified in hepatocytes their 
function is still not completely resolved. They are primarily 
involved in the digestion of substances in the cytoplasm, their 
role depending upon their enzymic activity. They also ingest 
materials coming from outside the cell (Novikoff 1961b), the 
digested products of which may be used by the cell whilst non- 
digestible substances are stored in the lysosomes being 
transformed into lipofuscin granules (Essner 1960).
The hepatocyte contains *: both smooth and rough endoplasmic 
reticulum, the membranes of which constitute the largest part of 
the microsomal fraction. The rough endoplasmic reticulum plays 
an essential role in protein synthesis and drug metabolism, while 
the smooth endoplasmic reticulum which is mainly disposed as 
tubules and small vesicles along cell membranes and glycogen
t
deposits is thought to play a role in glycogen synthesis (Karrer 
1961), as well as drug metabolism.
The gplgi complex, made up of vesicles. of varied size is 
situated between the nucleus.' and a bile capillary (Rouiller (1957) 
and is actively involved in the assembly of glycoproteins and 
phospholipids of the plasma membrane (Bears and Kessell).
Bile duct epithelium
The biliary canals have their own walls of simple cuboidal 
or columnar epithelium very different in appearance to those of 
hepatic parenchymal cells. The nucleus is of low density and 
large in relation to the cytoplasmic volume; the nucleolus is 
rarely visible and quite small. The cytoplasm contains a few 
mitochondria with a clear matrix.
Endothelial cells
Sinusoidal cells
Endothelial cells present in the sinusoids possess a nucleus 
which contains dense aggregations of chromatin and an inconspic­
uous nucleolus. The mitochondria are smaller than those of hepato' 
cyte and a well defined endoplasmic reticulum is lacking.
Blood vascular system
The main cellular component is a simple layer of squamous 
cells having elongated or oval nuclei but lacking large nucleoli.
Reticulo-endothelial cells . - 
Sinusoidal cells
t
The lining of the hepatic sinusoids is composed of two kinds 
of cell both of which belong to the reticulo-endothelial system!. 
One of these is the undifferentiated lining cell which has a 
small dark nucleus so compact that very little detail can be made
out within it and with a cytoplasm that extends as a long thin 
film along the sinusoid. The other lining cells are flat, 
irregularly shaped and overlap loosely and are known as the 
littoral cells often referred to as Kupffer cells. They are 
potenially phagocytic and can also modify blood flow by bulging 
into the lumen of the sinusoids.
The Kupffer cells are distinguishable from hepatocytes by 
a more heterogenous nucleus and a cytoplasm poorer in mitochondria 
and endoplasmic reticulum but containing numerous polymorphous 
inclusion lysosomes; these inclusions probably being an 
expression of the intense phagocytic activity of Kupffer cells.
Connective tissue cells
Blood and lymph cells
Consists of erythrocytes, lymphocytes, monocytes, granulocytes, 
neutrophils and eosinophils.
3.4.2 Connective tissue proper
The lobules of the liver are partially separated by thin 
strands of dense connective tissue which is part of Glisson1s 
capsule, the dense connective tissue sheathing the intrahepatic 
portion of the portal vein, bile duct and hepatic artery, and 
is also continuous with the thin layer of connective tissue of 
the peritoneum covering the liver. In man the outlines of the 
lobules are indistinct as the connective tissue forming the 
partition is poorly developed.
In normal liver the sinusoidal cells appear in close apposition
"Vs
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to the cords of liver cells. Not infrequently however, a definite 
gap, the perisinusoidal space (of Disse), can be seen between these 
two cell layers. Although this space appears empty, there is in 
all vertebrate livers a network of fibrils which can be demonstrated 
between sinusoidal wall and the parenchyma. It has been stated that 
the function of the fibrils is to bind the two cell walls together? 
however, they could merely reinforce an already existing bond. Also 
in the space of Disse can be found fat storing cells. These cells are 
always localised in the space of Disse and are different from Kupffer 
cells, having a nucleus often indented by fat droplets, the golgi 
complex is in a localised area composed of many vacuoles, the 
endoplasmic reticulum is composed of irregular sacs interposed 
among fat droplets and the mitochondria are small with an ill defined 
cristae.
From this brief survey it is apparent the mammalian liver is 
not as it appears to be histologically, a simple organ, but is in 
fact a multitype conglomeration of cells; its complexity causes 
serious and continual problems when attempts are made to isolate 
and culture discrete liver parenchymal cells.
Development of Tissue Culture Technique
Tissue culture as it is practised at present is usually considered 
under three headings:
Cell cultures: in which cultures are initiated from suspension of 
discrete cells.
Tissue culture (proper) : small fragments of tissue cultured under
conditions which promote the growth and migration of 
cells to form a "Halo of new growth" (Willmer 1954).
Organ culture: small pieces of tissues or entire small organs cultured 
to preserve general organisation and normal function.
The word "culture" is interpreted to mean the maintenance of 
cells or tissues for at least 24 hours at their physiological temperature. 
During this time the cells or tissues must remain alive, reasonably active 
and relatively 'normal1 in appearance. Physiological or biochemical 
experiments carried out on tissue which survives for only a few hours 
in physiological salt solution are not 'true' cell or tissue culture 
studies. Moscona et al (1969) states that:
"The definition of 'culture' must inevitably remain rather 
inexact, though in general, culture will be taken to mean 
something more than mere survival."
It is hardly surprising that the early pioneers working before 
the days of antibiotics, commercially available media and specialised 
apparatus did not think it necessary to have such fine distinctions. 
Therefore, the term tissue culture will be used in the widest sense 
during this introduction.
Following the pioneering work of Roux (1885), Arnold (1887) ,
Loeb (1897) and Jolly (1903), the generally accepted true beginning of 
tissue culture was in 1907 when Harrison explanted a'piece of nerve 
tissue from a tadpole in a medium of frog's lymph onto a cover-slip
t
and inverted this over a depression slide to form a hanging drop
culture. Some hours later he observed pseudopodia-like formations 
projecting from the nerve cells, thus showing conclusively that nerve 
fibres arise as outgrowths of nerve cells and are not secreted by the 
cells of the tissue through which the nerve fibre passes. Once the 
implications of Harrison's work attracted the attention of other 
researchers the techniques of tissue culture were rapidly developed.
In New York at the Rockefeller Institute, Burrows (1910) and Carrel and 
Burrows (1910) extended the work to the growth of chick embryo tissue 
in a drop of tincoagulated fowl plasma. They also succeeded in 
cultivating tissue from adult dogs, cats and frogs by inoculating small 
fragments of tissue into a plasma medium derived from the donor animal 
and sealing the materials in hollow glass slides.
Meanwhile in Baltimore, Lewis and Lewis (1911) using the hanging 
drop technique cultivated small pieces of intestine from embryonic chick 
in various saline solutions.
In two series of experiments at the end of 1911 and the beginning 
of 1912, Carrel developed techniques which allowed him to keep fragments 
of connective tissue from chick embryo in a condition of active life for 
more than two months 'in vitro*. He later showed (1913) that the growth 
in vitro of connective tissue could be accelerated about three to forty 
times if a saline extract of tissue and tissue juices were used in 
conjunction with normal plasma as a growth medium.
A different, and for many years less popular, branch of tissue 
culture arose when Thompson (1914) noted that explants of the growth of 
epithelial cells differed fromtthat of connective tissue; the former
r
grew out in the form of buds whereas the latter radiated out in long 
branching lines. Other workers confirmed that such explants underwent
progressive histological development. For example, Ebeling and Fischer 
(1922) and Fischer (1922) showed that in cultures of fragments of intestine 
from chickrembryos twenty to twenty-one days old, the epithelium prolifer­
ated and completely covered the explant forming a structure surrounded 
by epithelium and containing epithelial, connective tissue, muscle, 
endothelial and amoeboid cells.
Thus cultivation and observation of complex tissues facilitated 
the study of the interaction of different cells under various conditions 
and finally led to the development of organ or organotypic culture 
technique by Strangeways (1926) and Fell (1929). Since Fell's first 
studies on the development of chick limb bone rudiments in vitro (1929), 
the method has been used for embryological, biochemical, nutritional, 
immunological and toxicological studies on many organs, including para­
thyroid gland (Gaillard 1959), lung (Wolff and Wolff 1953), prostate 
gland (Lasnitzki 1963) and thyroid (Trowell 1959).
By the end of the 1920's a division had developed between organ 
and cell culture, the scientific objectives of organ culture studies 
being quite different from those using cell culture. Both methods however 
had their advantages and disadvantages. Using cell culture it is 
possible to quantitate results, study single cells, clone uniform 
populations and grow many cell types indefinitely, but normal cellular 
interactions are not present, there is little cellular organisation, the 
cells tend to '.transform' and serum is usually needed for growth. With 
organ culture it is possible to keep excellent organisation, the in vitro 
interplay of cells is accurately reproduced and well defined support media
f
are adequate, .but cultures have limited life span and quantification is 
much more difficult.
Much of the research into methods of cell culture has been 
directed towards the retention of the advantages of this technique 
while maintaining the cell differentiation that is so striking a feature 
of organ culture. This work will be considered under three headings.
1. Development of chemically defined culture media for the growth
of cells with specific nutritional requirements.
2. Techniques for the production of high yields of cells from
tissue ex vivo, for use in short-term culture.
3. Production of cloning and other selection techniques of cells
which retain the characteristic properties of the tissue of origin.
1. Development of culture medium
Since the pioneering work of Sidney Ringer (1880) the requirement 
for cell tissues of some sort of balanced salt solution for maintaining 
tissues and organs in conditions suitable for short experiments 'in vitro1 
has been well recognised. Natural fluids such as plasma, serum, lymph 
etc., can of course be used, eliminating the necessity for any artificial 
salt solution since they already provide the necessary constituents. They 
are, however, complex and their composition is ill defined;- their use 
therefore introduces many variables and unknowns. Thus a nutrient medium 
of known composition offers many advantages. The success of the early 
simple physiological salt mixtures for maintaining function of isolated 
tissue encouraged those who were developing techniques for tissue culture. 
The modifications of these simple salt solutions by the Lewises (1912) laid 
the foundation for most subsequent work in developing chemically defined
t
media. The thought which has directed the development of synthetic media 
has been that of imitating the natural biological fluids which bathe the
cells in situ. The physiological salt solutions of Ringer (1880) and 
later the Lewises (1912) were derived on this imitative principle as far 
as: ions were concerned._
The early synthetic media for cell culture were produced by the 
stepwise incorporation of groups of nutrients without the establishment 
of definite requirements of cells for the individual chemicals within 
a group. With the increasing realisation that detailed knowledge of the 
nutritional requirements of cells in culture was a pre-requisite for the 
wider application of tissue culture in many fields of research many 
synthetic media of varying complexity and adequacy were developed (see 
reviews by Biggers, Rinaldini and Loebb, 1957; Parker 1961; Waymouth 1969). 
Elaborate as some of these are, there are few cells which have been 
satisfactorily cultured in them without the addition of some derivative 
of serum or other proteins. The dream of an entirely synthetic medium 
for use in tissue culture is thus unlikely to be realised until the 
functions of these additives have been clarified. It seems probable also 
that, as the cells of different organisms - plant, insect, amphibian and 
mammal - have different nutritional requirements, so more subtle variations 
in the composition of a medium will be required for the growth of cells 
from different mammalian tissues. Media designed specifically for certain 
cell types have already been produced, for example the RPMI series 
developed by Moore and his colleagues (1967) for the cultivation of
murine and human lymphoid cells.
2. Production of Cell Cultures ex vivo
To enable cells to be cultured as discrete units direct ex vivo,
t
enzymatic digestion techniques were developed. The seeds for this work 
were sown when in 1880 Ringer showed that calcium was necessary for the
maintenance of normal intercellular contact and in 1900 Hoerbst demon- : - • 
strated that sea urchin larvae disintegrated into separate cells in 
calcium-free salt water. The use of trypsin in tissue culture was first 
introduced by Rous and Jones (1916) when they described the release of 
cells from the outgrowth of plasma-clot cultures by digesting the clot 
with crude trypsin. Medawar (1941) showed that by using gentle tryptic 
digestion it was possible to disengage the epidermis in the form of an 
intact sheet from the mesoderm. Willmer in 1945 used the dispersive 
effect of trypsin to produce successful cultures of cardiac muscle cells,, 
liver and skin cells from chick embryos. In 1952 Moscona and Moscona 
showed that limb buds of 4-day embryos could be disrupted by progressive 
destruction of the intercellular materials by enzymic digestion with 
pancreatin in calcium and magnesium-free buffered balanced salt solution.
The resulting isolated cells were capable of forming aggregates and 
differentiating in vitro. Thus the use of tryptic enzymes used in 
conjunction with-calcium and magnesium free medium for dispersing viable 
cells from their parent tissue was shown to be a practical, reliable and 
reproducible procedure.
Since trypsin does not attack collagen; tissues rich in connective 
tissue do not readily yield to tryptic dissociation. Enzymatic dissociation 
with collagenase has thus been used to separate cells from the mammary 
gland (Lasfargues 1957) presumably by disruption of the collagenous 
network surrounding glandular tissue. Because collagenase seems to cause 
less cellular damage than trypsin it has been the method of choice for the 
preparation of clonal cell cultures (Coon 1966; Spooner 1970; Konigsberg 
1971) , and has also been used to separate.-.cells of many different embryonic
f
and adult tissue (Hilfer 1973). Commercial collagenase does however
contain impurities; proteases esterase and polysaccharidase activity 
and even the use of purified preparation does not assure that the enzyme
activity will be confined to collagen, however, for most purposes the
\
crude preparation seems to be satisfactory.
The enzyme pronase has also been used for the dissociation of 
chick embryo and adult tissue (Wilson 1963). It acts more rapidly than 
trypsin and unlike trypsin yields cell suspension without large cell 
clumps. It is also superior to trypsin in digesting dead cells and ; 
cellular debris (Steward 1967).
It is obvious from these and other studies that further progress 
in the enzymatic dissociation of tissues is needed and a: wide range of 
enzymes with lytic activity are still to be examined. Further knowledge 
on the structure of intercellular substances in different tissues will 
no doubt point the way to more rational selective procedures for 
isolating cells and for preserving their normal permeability.
3. Cloning and other selection techniques.
The development of mass cell culture began with the first successful 
establishment of a cell line - the L cell (Earle 1943) from one of a series 
of tissue cultures established from subcutaneous connective tissue of an 
adult male C3H mouse. Even after the cultures had been grown in vitro 
over a period of years there was still no assurance of purity of cell 
strain since all cultures had originated from the mixed population of cells 
in a tissue explant. Earle's group (Sanford 1948) later demonstrated that 
pure strains of tissue cells could, as with bacteria, be derived through 
single-cell isolation. Individual cells from the culture of the L cell 
line were isolated free-hand under a dissecting microscope. Each, of these
individual cells was cultured separately in a capillary tube, and gave 
rise to a clone of strain L cells.
These results indicated that failure to obtain a colony of cells 
from a single somatic cell is probably due not to an inherent incapacity 
of an isolated cell to multiply, but to the use of too high a medium/cell 
ratio. Modification; or 'conditioning' of medium by metabolizing cells 
is apparently necessary for their survival and it appears that, with a 
relatively large medium volume the factors concerned, which are still 
ill-defined, are too dilute to be effective (Fioramonti 1958; Pace 1957).
Not all cells are equally capable of growth in clonal cultivation. This 
may be due to differences in conditioning capacity. It has been shown 
by Puck (1956), that the use of "feeder" layers of metabolizing, non­
dividing cells makes it possible to obtain clones from some of these 
less adaptive lines. It is clear that for the expression of differentiation 
cellular interaction is important: epidermis shows completely different 
appearance when cultured on mesenchyme of skin and gut (McLoughlin 1961) .
With the establishment of pure strains, through single cell isolation, 
methods.were required for the preparation of large numbers of uniform 
cells. Evans and her associates (1951) showed that cell suspensions 
could be prepared from L strain cultures and used for the quantitative 
seeding of replicate culture vessels. The cultivation of established 
strains such as Earle's L strain (1954) and the He La strain of human 
cells which was developed by Scherer (1953) from a carcinoma of the cervix 
uteri provided tissue culturists with masses of free living cells for 
experimental purposes. There are available at present a number of cell 
lines with some differentiation, ref., American Type Culture Cdllection,
Cat. of Strains, 1975; these include: human haematopoietic cell line
established by Moore (1967) which synthesise immunoglobulins, a human 
endocrine cell type initiated by Pattillo, which produce human chronic 
gonadotropin tH.C.G ) and a cell line initiated from S^iss albino mouse 
fibrosarcoma established by Levine (1971) which secretes prostaglandin.
There is however, presently no line of cells derived from liver 
which has retained all or several of the features commonly ascribed to 
differentiated hepatocytes.
Liver culture 
1. Methods of culture
As the liver is a tissue of great physiological, pathological 
\ and biochemical interest a variety of methods have been used to
establish differentiated cell lines of hepatocytes in culture.
The techniques used fall into three main categories of in vitro 
culture: tissue culture, organ culture, and cell culture.
1.1 Tissue culture
As with most organs the initial studies in the cultivation of 
liver used the technique of tissue culture.
1.1.1 Hanging-drop technique
Of the various tissue culture techniques commonly used, the 
hanging-drop method, in the hands of Lewis (1911) and Thompson 
(1914) was the first to yield successful results. These workers 
did not attempt to cultivate differentiated liver parenchyma; 
such an attempt was however soon made by investigators s,uch as 
Lynch (1921), Heaton (1926) and Doljanski (1929, 1930). Later 
Ephrussi (1933) working with rabbit liver explored the effects
of embryo age on the outgrowth from rabbit embryos of three and 
eight days gestation.
1.1.2 Flask and tube cultures
Following the realisation that the useful life of a hanging- 
drop culture was no more than a few days and that medium renewal 
was difficult the flask technique was evolved by Carrel (1923) and 
was used to culture liver. Emmart (1940) cultured cells derived 
both from liver tumours produced in rats by oral administration 
of 2-amino-5-azotoluene and from normal liver cells derived from 
adult and embryonic rats. She found that the cultures from the 
youngest embryos lived for 133 days whilst the cultures from rats 
69 days old lived only a few day. The cultures from the dye 
induced hepatomas showed an increase of growth over the normal 
liver controls but at the end of 61 days explantation all cultures 
had died.
Evans (1952) established a strain of cells from the liver of 
a 2-day old male C3H mouse. The successful growth of the strain 
seemed to result in part from its initial cultivation under cello­
phane, although this was unnecessary in later passages. Sandstrom 
(1965) also found that liver cells in the outgrowth from an explant 
compressed between two cellophane sheets retained their morphological 
and functional characteristics.
The establishment of cell strains from horse embryo liver in 
tissue culture was accomplished by Umeda (1961) using both static
f
and roller tubes. For static cultures short test tubes were 
inoculated with 1.5 ml of cell suspension and incubated at an
angle of 5Q. cultures wei-e maintained for a considerable
time with no cell proliferation except a little outgrowth of 
fibroblast-like cells, but after 9 weeks new colonies of epithel­
ioid cells appeared and proliferated rapidly to become cell strains.
A further epithelial strain of liver cells, this time derived 
from foetal calf liver, was established by Piecke et al (1960) 
from fragments of foetal calf liver explanted on glass. Sub-cultures 
were made after about a month, and the cells after establishment in 
continuous culture were named the Ka Le strain.
Morphological studies of fixed cultures of various tissues 
showed that alteration of the substratum to which the cells adhered 
could modify their appearance and behaviour (Rappaport 1960), as 
neither glass nor plastic is a normal substratum for cells, attempts 
were made to produce a more biological surface by the use of a 
film of collagen. With this technique, Hillis and Bang (1962) 
produced, from human embryonic liver, outgrowths consisting of 
sheets and cords of large granular cells with the morphology of 
typical embryonic liver parenchyma; these were accompanied by 
sheets of squamous epithelium and fibroblasts. Similar results 
were obtained by Festenstein (1963) with embryonic human liver 
cultured on collagen coated polythene discs; these cultures were 
maintained for 39 days, but sub-culture was not attempted. Bang 
et al later! found (1969) that explant cultures of adult human liver 
on collagen-coated coverslips gave outgrowths consisting mainly 
of endothelial cells. More recently Alexander and Grisham (1970):
t
cultured neonatal rat liver explants on collagen-coated coverslips 
and distinguished various cell types including those of an epithelial 
nature.
Attempts to grow differentiated adult human liver cells in 
tissue culture met with ma,ny difficulties and were often 
unsuccessful. Zuckerman (1967) described a method for obtaining 
monolayers of differentiated parenchymal human embryo liver cells 
in tissue culture? this was later modified by Taylor et al (.1969) 
and used for the culture of very small fragments of human adult 
liver obtained by needle biopsy. Biopsy tissue was implanted on 
polythene discs using clotted mouse plasma and left for eight 
days at 35°C in a dessicator containing 2% CC>2, before being 
placed on sterile coverslips and inserted into Leighton tubes.
The cells could then be examined using light and phase contrast 
microscopy. Monolayers of differentiated parenchymal liver cells 
were maintained in culture for 10 - 16 days after implantation 
on the polythene. Similar methods were used by Demorse (1971) 
who cultured pieces of human liver obtained by biopsy in 30 ml 
Falcon plastic flasks, and by Guillouzo (1972) who distributed 
5 - 200 explants among 1 - 1 5  Falcon polystyrene bottles. Both 
experimenters examined the cultures using phase contrast and 
electron microscopy and found that adult human liver could be 
routinely grown in culture but the cultures from normal liver 
grow very slowly and were difficult to sub-culture.
,1.1.3 Roller Tubes
In order to offset any adverse effects on cultures due to 
stagnation of culture medium, and to establish a greater uniformity 
of metabolic activity in the tissues than is possible in stationary
t
flasks, the roller tube was developed (Gey 1933).
One of the earliest workers to u^e this technique for the 
cultivation of liver was Emmart (1941), who explanted pieces of 
liver from foetal and adult rats in roller tubes using plasma to 
attach the explants to the culture vessel walls. Harris and 
Harris (1947) using the Gey roller-tube technique explanted large 
numbers of rabbit liver fragments in rabbit plasma and serum 
augmented with aspartic acid. Observations were made for three 
weeks; during the first fourteen days growth continued until an 
entire sheet of polygonal cells surrounded the explant, thereafter 
growth became slower and during the third week no extension in 
growth was noted.
Chang (1954) reported the successful cultivation in vitro of 
epithelial-like cells derived from adult human liver. His 
surgically obtained specimens,, were embedded in a plasma clot and 
grown in roller tubes. However, no claim was made that the cells 
represented differentiated parenchymal liver cells.
The establishment of an hepatic epithelial cell line from 
horse embryo was reported by Umeda (1961) . Two cell strains, 
initiated using the roller tube method, were transferred after 
the second passage, to static culture.
A series of investigations was initiated by Sato (1965) on 
the cultivation of cells from adult rat liver at various stages 
of hepatic carcinogenesis caused by 4-dimethylaminoazobenzene.
The liver tissues were excised from the animal, minced and cultured 
individually in roller tubes at 37°C and at 8 rotations per hour. 
Sato followed the procedure described by Katsuta (1965) who examined
the morphologies,! tra,nsformation of rat liyer cells in culture 
and found that hfs lines of liver cells were derived from cells 
growing near the air/liquid interface (Nagisa culture).
The growth of human embryonic liver in roller tubes was 
investigated by Gey (1952) and by Hillis (1962). Hillis cultured 
primary explants of fresh human embryonic livers in roller tubes 
on a collagen substrate. These cultures were observed over a 
period of mbnths for details of morphology and biochemical 
activity. It was found that the highly granular epithelial cells 
showed a high content of both glycogen and lipid.
In 1965, Sandstrom made a comparative study of the various 
techniques used for cultivation of hepatocytes, including growth 
in plasma clots, under perforated cellophane and in roller tubes. 
He examined the living cultures (by phase contrast microscopy), 
noting particularly the types of outgrowth obtained with the 
different methods. He found that the majority of cells originated 
from the sinusoid endothelium.
Organ culture
Chen (1954) using the watch glass method which had been 
introduced in 1929 cultivated fragments of liver from 13 and 15 
day rat embryos; these fragments continued to differentiate and 
grow in normal fashion for 6 - 1 5  days. Trowell (1959) attempted 
to maintain adult liver cells in organ culture, but was unable to 
maintain a stable preparation for more than 2 days. The survival
t
of adult monkey liver cells in organ culture over 2 days, and in 
some cases up to 10 days, was reported by Ingram (1962).
Laufs and Walker (1970) reported that they could maintain 
adult primate liver in organ culture for up to 3 weeks. Campbell
(1973) established adult rat liver (which was hormonally sensitive) 
in organ culture for up to 6 days.
A number of authors emphasised the importance of oxygenation 
of tissues if a viable system was to be obtained. (Trowell 1959, 
Ingram 1962, Laufs and Walker 1970). Differences in the 
oxygen tension might account for the differences in growth observed 
by various investigators; thus Laufs and Walker (1970) suggested 
a 60% O2 was optimum for primate liver in organ culture, whereas 
Ingram (1962) stated that 95% O2 was best for monkey liver.
Liver cells from Amphiuma means (Congo eel) in organ culture 
were found to retain their normal histology for several weeks 
(Monnickendam and Balls 1972) and large numbers of glycogen 
particles could be seen in the hepatocytes after 35 days in vitro 
(Monnickendam 1973a).
1.3 Cell culture
Each method of cell isolation falls into one of two categories, 
namely, mechanical and chemical. There is, however, considerable 
overlap between the two, as most chemical isolation methods involve 
an element of mechanical dissociation.
1.3.1 Mechanical dissociation
Disintegration of tissues by homogenisation, chopping, pressing
t
through sieves, etc., usually produces mixtures of cells and cell 
clumps; cell yields and viability are usually low. The successful
employment of a wholly mechanical system for the isolation of 
liver cells has therefore been reported only very occasionally. 
Schneider (1943) prepared whole cells in small yields (5 - 10%) 
by forcing the liver through cheesecloth, Katenbach (1952) and 
Le Page (1955) described mincing the organ with a tissue press; 
whilst shaking the liver with glass beads was recommended by 
St. Aubin (1952).
The tissue press method was later used by Lipson (1969, 1972) 
who found that although rat liver cells isolated by the mechanical 
method could be used for studies of protein, lipid and lipoprotein 
synthesis, hepatocytes isolated by perfusion with enzymes provided 
much better preparations for metabolic studies. Zuckerman (1967) 
used a mechanical disaggregation technigue to isolate hepatocytes 
from human embryonic liver but obtained poor results since the 
clumps of liver were too large and implantation into tissue culture 
trays using clotted mouse plasma as the adhesive proved difficult 
without causing considerable trauma to the cells.
It has been much more common to use some form of in situ 
perfusion of the liver- in conjunction with mechanical techniques; 
the perfusion fluids commonly contain a chelating agent or enzyme.
1.3.2 Chemical Dissociation
1.3,2.1 Chelation
From the work of Ringer (1880) and Herbst (1900) it was known 
that calcium is required for the maintenance of intercellular 
contacts; therefore depletion of divalent cations was suggested
as a possible means to dissociate tissues. An early example 
of this technique was- that of Anderson C1953) who perfused adult 
rat livers through the dorsal aorta with a variety of substances 
viz. citrate, pyrophosphate, versene (E.D T A), adenosinetriphosphate 
glycerophosphate, complete Locke's solution and C a ^  - free Locke's 
solution. The liver was removed on completion of the perfusion 
and dissociated using a modified Potter-Elvehjem homogeniser.
Laws (1956) also perfused adult rat livers with versene or citrate 
and found that the organ could subsequently be readily disrupted by 
pressure through sieves or by grinding. On the other hand, Easty 
(1960) reported that the dispersive effects of versene on adult 
liver tissues was.no greater than that of normal saline.
Branster and Morton (1957) and Dajani and Orlen (1959) , in 
attempts to increase the yield of viable cells, used polyvinyl­
pyrrolidone in the perfusion medium but found no difference in the 
yields of cells obtained by subsequent mechanical crushing of liver 
after perfusion with various chelating or non-chelating solutions.
Rutter and Brosemer (1961) used .a sodium citrate/sucrose mixture 
for perfusion of adult rat liver which resulted in yields of 10 
to 30% of the total liver. Jacob and Bhargava (1962) described 
an improved procedure for the preparation of liver cells which 
resulted in high cell yields. In their method the perfused adult 
rat liver was dispersed in five volumes of dispersion medium using 
a modified Potter-Elvehjem homogenizer. The technique developed 
by these workers was later used by a number of others. Jungalwala
t
and Dawson (1970) found the isolated cells incorporated Z"~?^pJ ~ 
phosphate into phospholipids, and Suzangar and Dickson (1970)
stated that the method was rapid and resulted in a very high 
yield of morphologically intact hepatocytes with very few other 
cell types in the final cell suspension,, Dickson (1971) studied 
the metabolism of adult rat liver cells isolated by the Jacob 
and Bhargava method in filter well culture and later Hussain and 
Bhargava (1974) showed that suspension of the liver cells isolated 
by this method synthesized albumin,,
Potassium chelation by tetraphenylboron (TPB) was originally . 
suggested by Rappaport and Howze (1966) and used by Gerchenson 
(1970), the only person to get a line of liver cells from cells 
isolated in this way. Other authors (Gallai-Hatchard and Gray 
1971, Lipson et al 1972) however, found an impairment of protein 
synthesis by the cells and morphological alteration of cell 
organelleso
Whilst most of these perfusion - mechanical dissociation 
techniques produce excellent cell yields, the harsh treatment 
of the homogenisation step invariably causes cell damage (for 
references see Muller et al, 1972)„
13.2„2 Enzymic Dissociation
The introduction of enzymic dissociation of tissues (Moscona 
1961) was based on prior findings by Rous (1916) and Willmer 
(1945)o The commonest methods of dissociating tissues into 
viable single cells are based on treatment with tryptic enzymes. 
The procedure for cell dissociation by tryptic digestion used by
t
Moscona (1961) involved incubation of tissues in calcium-'and 
magnesium-free solution followed by incubation with the enzyme
(0.25-1.0%). This has been used by Katsuta (1965) and Sandstrom 
(1965) for the cultivation of liver cells from chick embryos, 
and by Rutzky (1971), Williams (1971), and Strand et al (1972) 
for the isolation and long-term culture of cells from rat liver.
In the connective tissue of the liver, the predominant fibrous 
component is collagen, whilst the ground substance is virtually all 
chondroitin sulphate A and C. Therefore the most successful tech­
nique for isolation of liver cells should involve a procedure which 
breaks down the collagen/chondroitin sulphate phase of the connective 
tissue. The scleroproteins of vertebrate tissue, i.e. the keratins 
and collagens are notoriously resistant to most proteolytic enzymes. 
Collagen is, however, digested by collagenase, and this enzyme has 
been shown histologically to destroy the liver trabeculae (Jennison 
1945). According to Meyer et al (1951), hyaluronidase attacks 
chondroitin sulphates A and C, chondroitin sulphate B being stable, 
Ca^-free collagenase/hyaluronidase system was therefore proposed by 
Howard et al (1967, 1968) for the isolation of liver cells. Their 
procedure basically involved a brief perfusion of the liver in situ 
with an ice-cold mixture of collagenase and hyaluronidase in a 
Ca^-free solution. The tissue was then cut into slices and 
incubated with Ca++-free enzyme solution for 70 minutes. Reporting 
on the electron microscopic appearance of the cells they stated 
that 75% retained their structural integrity. Their results 
indicated that their preparative procedure for obtaining isolated 
cells was far superior to those previously described. The success 
of their method was probably due to the use of more specific 
enzymes for the organ dissociation which meant that mechanical 
force to separate the cells (which invariably results in cell
damage) was not necessary. The method was modified by Berry and 
Friend (1969) who employed continuous recirculating perfusion 
of rat liver in situ with the enzyme solution. They described 
the cells as being comparable to normal hepatic parenchymal cells 
in situ when examined by electron microscopy.
The method of Berry and Friend (1969) required specialised 
equipment for the closed recirculation perfusion of the liver, a 
simpler procedure requiring no specialised equipment was however . 
reported by Capuzzi et al (1971) working with adult rat and 
cockerel livers and by Iype (1971) working with adult rat liver. 
They isolated hepatocytes by slowly infusing the livers with a 
collagenase hyaluronidase enzyme solution for 15 minutes and 
5 minutes respectively, followed, by mincing of the livers in a 
fresh enzyme solution.
Capuzzi et al (1971) reported that the cells isolated in this 
manner maintained metabolic activity as measured by l^c-acetate 
incorporation into lipids and -^C-serine incorporation into 
protein for several days in suspension culture and Iype (1971) 
established a monolayer cell culture containing cells which were 
'normal* with respect to their karyology, morphology and growth 
pattern.
Other investigators considered that to obtain cells which 
retain morphological and functional integrity a continuous 
recirculation procedure was preferable. Rigorous control during 
perfusion of parameters such as pH, PO2 , temperature, osmotic 
pressure and time of exposure to the enzymes were also considered 
important. Schreiber and Schreiber (1972) used an artificial
lung with a cooling jacket for saturating the dissociating 
perfusion medium with oxygen and carbon dioxide, Ingebretsen 
and Wagle (1972) used a Miller recirculation perfusion apparatus, 
Bissell et al (1973) modified the perfusion method by using only 
collagenase in the perfusion solution but maintained a constant 
pH and Drochmans et al (1975) went to great lengths to maintain 
the perfusion medium at a constant temperature, pH and PO2 by 
constantly heating, oxygenating, and measuring the PO2 and PCO2 
of the solution.
All of the authors reported high cell yields of functioning 
hepatocytes.
In general the perfusion of liver with collagenase and/or 
hyaluronidase yields a large number of "viable" cells - although 
the meaning of viable is subject to many interpretations. The 
cells are mainly non-replicative (Bonney 1974) but retain a number 
of functional properties in monolayer culture for up to a week. 
Such cultures are more homogeneous with respect to cell type than
those derived from tissue fragments (explant or organ culture).
Whilst the perfusion techniques are perfectly adequate for 
use with relatively small animals they do pose problems when using 
large or very small animals or isolated samples of liver e.g.
human biopsies. Consequently, a system for the isolation of
liver cells by collagenase/hyaluronidase digestion was developed 
(Fry, 1976) in which the liver was thinly sliced prior to enzymic 
digestion; thus obviating the requirement for a perfusion stage.
Morphological identification of cell type
Although many studies of cells in culture obviously do not 
require highly detailed morphological observations, it is desirable 
when attempting to culture liver cells which have a distinctive 
architecture to have identification on morphological grounds.
i
Morphological characterization includes the traditional techniques 
of the examination of living tissue and light microscopy, and the 
more modern approach of electron microscopy.
An advantage of the tissue culture method is in the opportunity 
it provides to study the morphology of living cells by vital 
staining or special optical effects. Lynch (1921) examined her 
living culture of embryonic chick liver explants using various 
vital dyes, i.e. janus green, neutral red and trypan blue, and 
found four types of cells, 'liver cells', endothelium, mesothelium 
and wandering cells. These four cell types were also described 
by Horning et al (1931) who'undertook a careful cytological study 
of explants. Heaton (1926) however found that the cells in culture 
ceased to grow in the manner of epithelial cells and eventually 
resembled fibroblasts. Doljanski (1930) also found that the growth 
of liver parenchyma was replaced by fibroblastic cells growing as 
membranes. Ephrussi (1933), in his study of livers from rabbit 
embryo and young rabbits cultured by the plasma clot technique, 
observed that, whereas these cultures showed fibroblast and 
epithelium migration, no migration was seen from the culture of 
adult liver. Emmart (1940) also found that early embryonic tissue
r
showed a good growth of epithelium but with adult tissue ho real 
epithelial growth occurred.
A problem associated with using a solid plasma clot is that
the cells can tunnel through it only to a limited extent, one 
cell .usually following another: the cells therefore tend to
assume a cylindrical or spindle-shape form and it is only when 
they emerge from the clot and make contact with glass that they 
spread out. In fresh culture these emergent cells usually show 
a simplification of their structure. This is particularly so 
when cell multiplication is encouraged.
The extent of the simplification undergone by liver cells 
from different sources into a few cell types when they emerge 
from cultures as unorganised growth is partially dependent upon 
time. Guillouzo (1972) examined living cultures of adult human 
liver tissue by phase contrast and electron microscopy and found 
that by day 12, cells began to grow which differed from normal 
hepatocytes. The cells had few organelles, cytoplasmic filaments 
and sometimes lipid overload and by day 20 all cells had a 
simpler ultrastructure.
Garvey (1961) had previously found changes in the cells after 
only 3 - 5  days in culture; the cells being found in large 
groups with spreading cytoplasm.
I
It is clear that cells can alter their form to a remarkable 
extent in culture; as Earle (1962) pointed out, cells of the 
liver cell strain NCTC 721 do not have the appearance of liver 
cells. The same is true of Chang's strain of human liver 
epithelium, Pieck calf liver epithelium and Umeda's horse embryo 
liver cell strain.
t
In general, methods devised for the rapid proliferation of 
hepatocytes have proved inappropriate for maintaining or
promoting morphologically differentiated cells, while methods 
devised for the maintenance of individual hepatocytes and of 
organotypic cultures have been more successful. However, the 
use of morphological criteria alone for the identification of 
hepatocytes in culture must be made with caution and discrim­
ination.
Functional studies used in identification of cell types
The uncertainties of morphological 'identification turned the 
attention of tissue culturists towards the use of specific 
functional characteristics. In early work in which staining 
techniques were used to measure glycogen storage in hepatocyte 
cultures, Lynch (1926) found her culture did not contain glycogen 
(as measured with iodine stains) while Doljanski (1930) using the 
same method found that the glycogen disappeared after about the 
third passage. However, the identification of glycogen in the 
cells did not prove they were hepatocytes since the presence of 
glycogen has been demonstrated in other cell types.
Much of the biochemical work carried out on isolated hepato­
cytes has been done to' assess the general functional integrity of 
the cells rather than their specific hepatic nature. Thus the 
respiration of freshly isolated liver cells and liver cells in 
culture has been measured by many workers (Kalant et al 1957;
Iype et al 1965; Howard et al 1967, 1968; Murthy et al 1969; 
Suzahgar et al 1970) as an index of their viability when isolated 
using various procedures. The measurement of incorporation of 
labelled acetate into lipids, or amino acids into non-specific 
cellular proteins, also indicates general metabolic activity 
rather than the possession of liver specific functions. The
synthesis of specific lipids, e.g., cholesterol by freshly 
isolated hepatocytes as demonstrated by Capuzzi et al (1971) 
and the inhibition of lipid synthesis in isolated hepatocytes 
by serum lipoproteins (Cooper 1971), do however show that such 
cells may retain some differentiated functions. Also, although 
the incorporation of amino acids is a property of all cells in 
tissue culture the production of albumin and other serum proteins 
by freshly isolated hepatocytes (Jezyk et al 1969; Weigand et al 
1971; Lipson et al 1972; Hussain 1973) and by cultured hepatocytes 
(Bissell et al 1971, 1972, 1973; and Kaighn 1971) show once again 
the cells retain a specific property of the liver.
The presence of arginase, rhodanase and glycogen has been 
offered as evidence by Evans et al (1952) that certain of his 
strains were derived from liver parenchyma; although however, these 
are prominent constituents of the hepatocyte they have been found 
singly and in combination in tissue cultures of non-liver origin. 
The commercially available Chang liver cells, derived originally 
from human liver tissue obtained by biopsy, were studied for the 
enzymes tryptophan peroxidase-oxidase, tryosine transaminase and 
histidase by Auerbach and Walker (1959). No activity could be 
demonstrated within the limits of the methods employed, and they 
concluded that the enzyme pattern of Chang cells resembled that 
found in the malignant Novikoff hepatoma more than that found in 
normal liver. This could indicate that the cells either, (1) were 
not of parenchymal origin, (2) had undergone malignant transfor­
mation, (3) had dedifferentiated but not become malignant, or
t
(4) become contaminated with other cell types, e.g., Chang liver 
cells contaminated with HeLa cells. Recent work (Marilyn 1976)
however, has shown that the Chang liver cell line does produce 
liver alkaline phosphatase which could be interpreted as evidence 
of the origin of the cell line from liver cells. The strain of 
liver cells produced by Evans (1952) were also found to be 
altered after prolonged cultivation in vitro: although they
contained glycogen they failed to inactivate oestradiol; this 
suggests that the cells were either not of parenchymal origin 
or had lost this property during growth in vitro. The properties 
of rat liver cells cultured by the method of Katsuta (1965) were 
examined, after long term cultivation, by Namba et al (1968).
The production of serum albumin and globulin was demonstrated by 
immunoelectrophoresis and the histochemical demonstration of acid 
phosphatase, glucose-6-phosphatase dehydrogenase, succinic 
dehydrogenase, lactic dehydrogenase, adenosine triphosphatase and 
glycogen were regarded as indication of retention of specific 
functions of liver parenchymal cells. He concluded therefore 
that it is possible to produce lines of functional liver cells 
by Katsuta's technique.
The induction of aminolevulinic acid synthetase in cultured 
chick embryo liver by various chemicals has been examined by 
Granick (1963) and Strand et al (1972) and the induction of aryl 
hydrocarbon hydroxylase in rat liver cell cultures has been 
demonstrated by Gielen and Nebert (1972); while Moldeus et al 
(1974) showed that isolated adult rat liver cells catalysed the 
cytochrome P-450 dependent oxidative metabolism of alprenolol 
(2r?allylphenoxy) -3-isopropylaminopropano]7 at a rate, similar 
to that obtained with the isolated microsomal fraction. Bonney
(1974) found that tyrosine aminotransferase activity in cultures
of adult rat liver parenchyma was elevated when the culture medium 
was supplemented with hydrocortisone and dexamethasone; this has 
since been used as a test for liver specific function by other 
workers (Gerschenson 1975).
The detection and measurement of products, of characteristic 
enzymes and uptake of substrates have thus been all used to show 
the presence of differentiated cells. Micro-analysis, cyto­
chemistry and autoradiography each have a place in recognising 
differentiated liver cells in culture. However, just as morpho­
logical form is only a guide to identification the demonstration 
of one characteristic alone of a cell type does not imply that 
all properties of the cell are retained.
Use of Tissue Culture in General Toxicological and Pharmacological 
Inves tigations
There are numerous references to the application of tissue culture 
to pharmacological investigations. It is therefore impracticable to 
discuss and precis all the approaches and techniques which have been 
applied to the study of the action of chemicals in vitro. The subject 
has however been reviewed by Murray (1964), Pomerat et al (1954), Dawson 
(1962), Rofe (1971), Dawson (1972), and Worden (1973). It is unfortunate 
that the. practical'aspects of the subject are not critically reviewed by 
certain authors; Worden however, conducted a more recent review and 
covered a very wide field of techniques in great detail.
t
Since Pomerat et al (1954) summarized his observations on the 
cytotoxic action of some 110 compounds on primary explants of chick 
embryo, the actions of thousands of chemical compounds have been examined
in mammalian cell systems in the hope that some correlation with their 
toxicity in vivo could be demonstrated. The advantages of using tissue 
culture over animal experimentation are of the uniformity of the material, 
precise control over experimental conditions, and relative simplicity, 
rapidity, sensitivity, and cheapness of the tests. Tissue culture 
systems are however subject to the major criticism that the indication 
of cell damage available are' too'imprecise and of doubtful validity to 
permit accurate comparisons of the chemotherapeutic indices of different 
compounds.
Several methods have been developed both for the in vitro 
detection and assay of cytotoxic agents and for screening a variety of 
materials intended for use in medicine and other related fields to 
determine potential toxicity. The agar diffusion test devised by 
Miyamura (1959), which involves the growing of cells in agar in which 
test samples are placed, has been used as a toxicity screen for anti­
tumour agents (Di Paulo 1963) in which methylene blue incorporated in 
the agar is decolorised due to reduction in the presence of respiring 
cells but remains blue if the cells are killed by the agent under test. 
Guess et al (1965), Wilsnack et al (1973) and Grasso et al (1973) used 
the agar diffusion technique to investigate the cytotoxicity of plastic 
materials using vital staining to detect zones of dead cells around the 
implant.
Other methods used in assessing the effects of drugs on cells 
falls into two main groups - the microscopical and the biochemical.
The microscopical methods themselves are very diverse: examination of
t
fixed and stained cells does not always give useful information; ,as the 
biological effect of the chemical may not result in morphological
aberrations. The examination of living cell preparations is very 
important; for example, changes in the phagocytic or pinocytotic activity 
of macrophages as well as changes in their locomotion may give information 
on the effect of a chemical on the cellular immune system. These 
methods are however more pertinent to the study of immunological systems 
in vitro which is now a specialised field of research.
The biochemical methods used to measure changes in cellular 
response to chemicals include the measurement of oxygen uptake, protein 
synthesis, cell replication (D N A synthesis) and cell number; other 
properties such as glucose uptake, lactic acid production or collagen 
synthesis have also been used (Dawson 1972; Richards et al 1973) .
Karzel et al (1970) discussed the various methods described in 
the literature for the evaluation of drug influences with special 
reference to the adequacy of the procedures used to measure proliferation 
and growth rate of cells, thus "quantitatively evaluating metabolic 
processes and other cellular functions". They decided that the measure­
ment of the areal extension of cultures, rate of mitosis and the contin­
uous recordings of respiratory values were unsuitable methods.. Determin­
ation of cell number, either electronically or microscopically, was found ; 
to be the best method for the assessment of cell proliferation. From the 
results obtained in their study of the action of a number of cytostatic 
drugs on a suspension culture, they concluded that to obtain most value 
from a study a combination of three parameters should be used: the
number of cells per unit volume, total cell volume of a culture aliquot 
and cellular protein content. However the methods most commonly used
* t
to investigate the action of chemicals upon cells have been inhibition
of growth rate as measured by mitotic indices, and the measurement of 
inhibition of protein synthesis. For vast numbers of chemicals ID5 0 has
been calculated; this is the concentration of chemical required to limit 
cell protein formation in cells to 50% that observed with the untreated 
control (Dawson 1972).
By far the greatest number of reports on the use of tissue culture 
in pharmacological studies has involved the screening of anti-cancer 
substances. A wide range of anti-cancer drugs has been examined and in 
most cases the sensitivity has been estimated by deriving an ID5 0 / 
although measurement of inhibition of dehydrogenase activity has found 
favour with several investigators.
Attempts have been made to determine the sensitivity of primary 
cultures of human as well as animal tumours to anti-cancer agents 
(Limburg et al 1968; Izsark et al 1971; Smith et al 1967). These 
studies have raised the question of the relevance of in vitro findings 
to in_vivo effect, as agents highly cytotoxic in vitro do not necessarily 
depress cell division in vivo. The species of cell which survives 
explantation, disaggregation and culture, the age of the culture and 
particularly the conditions of the assessment of drug effect greatly 
influence the interpretation of the results obtained. Assays of drug 
sensitivity of heterogeneous primary cultures derived from biopsies of 
human tumours by Freshney et al (1973) showed that a careful control 
of the parameters of the in .vitro assay is required in any assessment of 
drug sensitivity in vitro.
Inspection of the data on the effect of other chemicals such as 
antimicrobial agents, steroids etc. on mammalian cells in culture shows 
that in general the studies have been solely concerned with the toxicity
t
of the drugs towards the cultured cells and that anomalies often occur 
when attempts have been made to correlate the results obtained in culture
with those obtained in vivo. Little work has been done on the 
mechanisms of drug action on cells in vitro (Dawson 1972).
It may be possible to improve the use of tissue culture as a test 
system by using some specific cellular function or component as a marker 
of chemical action. The use of quantitative histochemistry to measure 
enzyme levels in the intact cell may help in quantifying toxicological 
response (Grasso et al 1973). The leakage of enzymes from isolated 
liver cells (although these cells were not cultured) has been used by 
Zimmerman et al (1974) as an in vitro model to demonstrate early changes 
in hepatic injury. The incubated suspensions of liver cells, isolated 
by the method of Berry and Friend (1969), with drugs known to cause 
hepatic injury in vivo: Chloropromazine (CPZ) and erythromycin estolate
(EE) plus related compounds thought to cause no hepatic injury (erythro­
mycin base (EB) and erythromycin propionate (EP)) were used. Leakage 
of the enzyme glutamic oxaloacetic acid transaminase (GOT) from the cells 
into the incubation medium was used as a measure of cell damage. Only the 
chemicals-CPZ and EE induced any increase in the concentration of the 
enzyme in the medium. This showed that the leakage of specific enzymes 
from hepatocyte suspensions could be used as an index of drug induced 
hepatotoxicity.
Examination of chemicals for their effect on specific parts of the 
cell cycle may give more information than inhibition of growth in general 
terms. The use of new techniques such as pulse cytopho tome try may be 
used for the quantitative determination of a number of biochemical 
components of single cells. Cells to be examined are stained with
f
different fluorochromes which bind to specific cell constituents in 
proportion to the amounts present. The cells flow across a beam of
exciting light and the fluorescent light pulses emitted are sensed by 
a photomultiplier. Using different fluojrochromes intracellular compon­
ents such as DNA, RNA, protein, lipids and enzymes can be measured.
Studies on the effects of perturbations of the cell cycle by many 
methods have confirmed the validity of this new measure of cell prolif­
eration (Tobey et al 1972), and a number of observations on the 
detection of cytostatic action have been published (Godhe et al 1974; 
and Styles 1977).
The identification of the chief metabolites of the test compound 
in the culture fluid should be attempted. This would involve the 
synthesis of the ^^C-labelled form of the compound and incubation with 
cells in culture, followed by separation and identification of the l^C- 
related material by thin layer chromatography, high pressure -liquid 
chromatography etc.
Thus rather than expend effort to screen compounds on the basis of 
inhibition of growth alone, the effects of pharmacologically active 
materials on the enzyme profile of the cell, the biosynthesis of certain 
important metabolic intermediate compounds in the cell and the composition 
and integrity of the cell membrane and other structures could be examined.
The choice of cell type used in toxicological investigations is also 
obviously important. Although many workers have used cell lines or cell 
strains to test foreign compounds in vitro (Holmberg et al 1974; Gabliks 
1965; Schlindler 1964), the use of freshly isolated primary cultures for 
toxicity testing may be better since these often retain the ability to 
respond to agents that are active in vivo (Metcalfe 1971). This
t
minimizes the problems of alteration in cellular characteristics.associated 
with prolonged culture e.g. the functional failure of cultured adult
human diploid fibroblasts to synthesize collagen (Houck et al 1971). It 
has been suggested that cellular functions are altered as cells reach 
the end of their in vitro life span and that caution should be exercised 
in interpreting results of studies carried out in embryonic of adult 
cells which have been sub-cultured many times. McHale (.1971) suggested 
that culture life span should be measured in terms of metabolic activity 
rather than the number of times a cell line can be sub-cultured. It 
may be preferable to choose cells from the tissue most likely to be 
affected in vivo.
Although cells in culture contain all the enzymes needed to 
produce the substances required for replication they are usually less 
highly differentiated and may have lost the ability to metabolise drugs. 
Thus chemicals that in vivo are metabolised to derivatives which are 
toxic or biologically active may be missed in a cell culture system. 
Conversely chemicals that are rapidly detoxified in vivo may give 
"false positives" in a cell culture system.
To overcome the limitations to the type of information obtainable 
by using undifferentiated cells which can indicate only direct effects 
of chemicals in or on the cell, Philips (1974) used liver homogenates 
to metabolise the chemical cyclophosphamide and tested the toxicity of 
both unmetabolised and metabolised chemical on KB cells and Walker tumour 
cells. Using this method they were able to demonstrate the cytotoxicity 
of a drug requiring metabolism to its active form. Hepatic cells, 
because of their many metabolic functions, are an obvious choice for use 
in in vitro screening tests. The use of cultured hepatocytes in the 
in vitro metabolism of xenobiotics has, however, rarely been attempted 
Cas discussed later).
Another major drawback of many reported'in vitro test systems is 
restriction of the studies- to rodent cells. Because of species differ­
ences in drug metabolism, it would be preferable to use human or other 
primate tissue as the source of the cells, if the effect on man is to
be determined. Thus in considering the choice of cell type for pharmaco­
logical or toxicological investigations one of the prime concerns must be 
to obtain cells and conditions as near as possible to those operating
in adult tissue in vivo.
In conclusion most of the studies of the action of pharmacologically 
active agents in tissue culture to date have been related to the metabolic 
processes associated with cell survival and growth. Also with few 
exceptions the highly diversified functions of differentiated cells in 
the intact animal have not been reproduced in culture.
The combination of primary cultures of differentiated adult mammalian 
hepatocytes with new techniques in cytology, e.g. cytophotometry and 
biochemistry, micro-chemical techniques and those using isotopes, may 
make possible a more comprehensive test system with which to study drug 
action in vitro.
Metabolism of Xenobiotics by Hepatocyte Suspensions and Cultures
Before describing studies on xenobiotic metabolism by hepatocytes 
in vitro, a brief summary of the mechanisms and sites of xenobiotic 
metabolism will be given.
1. Mechanisms and sites of xenobiotic metabolism ■
Drugs and foreign compounds (here collectively termed xenobiotics)
are mainly lipophilic and as such readily enter the body tissue, but
Qnee.inside the cell cannot readily be excreted. To overcome this 
problem the lipophilic xenobiotics- are attracted to the lipoidal 
microsomal membrane where they are converted to more polar inter­
mediates which are more readily conjugable. The organ which has 
the major responsibility for drug metabolism is the liver, although 
other tissues such as lung, kidney, skin and small intestine do 
possess metabolic capabilities.
The metabolic reactions occurring in the liver have been class­
ified into two main groups:
(i) Biotransformation, which includes a number of reactions such 
as oxidation, reduction and hydrolysis.
(ii) Conjugation, which involves combination of the xenobiotic with 
some endogenous material, e.g. glucuronic acid, glycine or 
glutathione.
The sites of metabolic reactions are localised in a number of 
cellular fractions including the cytosol, mitochondria and, perhaps 
. most important, the endoplasmic reticulum.
Oxidations figure prominently in metabolic processes, and up 
to a few years ago it was generally assumed that most such reactions 
were catalysed by a class of 'mixed function oxidases' which are 
'non-specific' enzyme .complexes requiring molecular oxygen and NADPH 
and catalysing the donation of an oxygen atom to the xenobiotic; 
the other oxygen atom usually combines with hydrogen to form water. 
However, recent studies by Zeigler et al (1971), Masters et al (1971) 
and Gold et al (1973) have clearly demonstrated that porcine and 
human liver contain two separate enzyme systems that provide alter­
native pathways for the oxidation of N-substituted amine drugs.
One s.ystejn involves, the ’mixed-function oxidases’ mentioned 
above. The key enzyme in the system is cytochrome P-450, a complex of 
protein and haem which serves to bind molecular oxygen before convert­
ing it to the ’active oxygen’ species necessary to oxidise the substrate. 
The system also includes NADPH and the flavoprotein enzyme cytochrome 
C reductase (cytochrome P-450 reductase). Another haem protein, cyto­
chrome b5, is present in liver microsomes and may participate in drug 
oxidation although its precise function is not clear. The other system 
involves the direct N-oxidation of secondary and tertiary amines 
catalysed by a high molecular weight flavoprotein N-oxidase reported 
to be free from cytochromes, iron and copper and has no NADPH-cyto- 
chrome C reductase activity. The presence in human and porcine liver 
tissue of a very active system involving the direct oxidation of a 
tertiary amine nitrogen may be of some significance in the metabolism 
of certain pharmacologically active amines; not only could it provide 
an alternative pathway for the metabolism of many lipid-soluble amines , 
but the oxides produced could differ greatly from the parent compounds 
and their activity, distribution, excretion and toxicity (Bickel 1967).
While it seems clear that N-oxidation may be a major route for 
the oxidation of certain drugs it is not known whether, like the 
cytochrome P-450 'mixed function' oxidase system, it is responsible 
for the detoxification of potentially harmful xenobiotics. The 
'mixed function' oxidase system which plays an important role in 
detoxification is highly inducible; that is, its activity can be 
greatly increased by exposure to a wide variety of environmental 
agents and drugs that act as substrates for the system. (For review 
see Conney 1967 and Remmer 1972). The most widely studied inducers 
are phenobarbitone and the polycyclic hydrocarbon, 3-methylcholan- 
threne C3-MC). These two compounds appear to exert their inducing
effects by different methods. For example phenobarbitone induction 
inhances almost all of the reactions catalysed by P-450 whereas 
3-MC induces relatively few pathways. The selective induction of
3-MC is accompanied by the appearance of different form of P-450 
termed P-448, the formation of whicli probably accounts for the 
relatively selective induction of drug metabolizing enzymes by 3-MC. 
Whether the P-448 represents the formation of a new haemoprotein 
or is merely .a'.different allosteric form of the existing P-450 has 
not been fully resolved. For a more comprehensive review seen 
Conney et al (1973).
Inhibition of the hepatic mixed function oxidase can also occur 
and although the inhibition patterns are complex it does appear that 
SKF 525A and metyrapone, the two most commonly used inhibitors, act 
by competing with the substrate for the active site of the enzyme 
(Roots 1973). Also, shortly after hepatectomy a wave of cell division 
occurs and associated with this there is a decrease in microsomal 
enzyme activity to levels, of 10 - 50% of control. However, during 
regeneration, phenobarbitone or 3-methyl cholanthrene still produce 
increases in cytochrome P-450 content and microsomal protein 
(Gram 1973).
It is clear that the hepatic mixed-function oxidase system is 
implicated in a number of processes affecting human health. The 
ability of a drug or other foreign substance to stimulate the 
metabolism of another drug through enzyme induction may explain 
some of the adverse drug reactions observed in clinical practice 
(Parke 1974).
i
In conjugation reactions the donor molecule most often utilised
by the cell is glucuronic acid. Glucuronic acid cunjugation is 
catalysed by an enzyme Cs) uridine diphosphate glucuronyl trans­
ferase (UDP) which is localised in the microsomal fraction of the 
liver; it catalyses the transfer of glucuronic acid from the . 
co-factor iiridine diphosphate glucuronic acid (UDPGA) to the xeno- 
faiotic. The UDPGA originates in the cytosol from the oxidation of 
uridine diphosphate glucose (UDPG).
UDPG + 2NftD UDPG dehydrogenase^ UDPG * 2NADH
Cytosol
_  UDP - glucuronyl transferase. , . ^ . . . ,UDPGA + xenobiotic ------ --- :----—--------------? xenobiotic glucuronide
microsomes
Non-microsomal enzymes can play an important role in metabolising 
various xenobiotics such as mescaline, isoniazid, procaine and 
phenytoin (Parke 1968 a. b.). Glutathione S-transferases are 
non-microsomal detoxication enzymes, which catalyse the conjugation 
of non-polar xenobiotics with glutathione rendering them more 
hydrophilic, they then are converted to mercapturic acid and 
eliminated from the body (Boyland and Chasseaud 1969).
There are a number of other conjugation reactions which are 
non-microsomal. In sulphate conjugation, the sulphate moiety is 
transferred from the co-factor adenosine-3-phosphate-5-phosphosulphate 
(PAPS) to a xenobiotic by enzymes called sulphotransferases or 
sulphokinases. The enzymes which catalyse the formation of PAPS 
as well as the sulphokinases are found in the soluble fraction of
f
liver. Enzymes responsible for methylation reactions are also
l . •
found in the soluble fraction of the liver, while those which 
catalyse the conjugations of glycine with carboxylic acids to form
amides are found in the njitochondria,
Xenobiotic metabolism in cultured hepatocytes
Embryonic liver culture
Cells obtained from embryonic tissues are generally easier to 
culture than those from adult tissue. Unfortunately, in foetal 
tissue the levels of enzyme responsible for xenobiotic metabolism 
are low and the pathways develop at different rates which could 
lead to a metabolic imbalance. Another problem in the use of cells 
derived from foetal tissue is the loss of morphological and, more 
important, functional differentiation associated presumably with 
their rapid rate of division in vitro.
In spite of these drawbacks, a number of investigators have 
used foetal liver cell culture systems as a model for studying 
various aspects of drug metabolism.
Liver parenchymal cells derived from the chick embryo have been 
used by a number of workers as the tissue is readily available, all 
isolation and culture are straight forward and the hepatocytes 
possess an ability to metabolise drugs which is apparently quanti-. 
tatively similar to that found in mammals.
Granick (1963) used liver cells derived from a 17-day chick 
embryo to examine the induction of aminolevulinic acid synthetase 
by a number of chemicals known to cause an acute porphyria in vivo. 
The amount of porphyrin produced in the hepatocytes was measured by 
fluorescence microscopy, the intensity of the fluorescence being 
assumed to be proportional to the activity of aminolevulinic acid 
synthetase. Compounds which caused porphyria in vivo were found
to induce the formation of porphyrins within the hepatocytes 
but not in cultured fibroblasts.
Cell lines of hepatocytes derived from the livers of 16 - 18 
day old chick embryos were used by Strand et al (.1972) to study 
the regulation of haem biosynthesis. They found that animolevulinic 
acid synthetase was induced if haem synthesis was sufficiently 
impaired by inhibitors.
In another study of the effect of porphyrin-inducing drugs
on chick embryo liver cell cultures, Racz et al (1972, 1974)
examined the ability of the sterically hindered 3,5-diethoxy-
carbonyl-2,4,6-trimethylpyridine (Ox-DDC) and the unhindered
3,5-diethoxycarbonyl-2,6-dimethylpyridine (4-desmethyl-0x-DDC)
>
to induce aminolevulinic acid synthetase. They found that enzyme 
induction and porphyrin accumulation were dependent on the rates 
of metabolism of the compounds: the slowly metabolised sterically
hindered analogue was a good inducer whereas the rapidly metabol­
ised unhindered analogue was a poor inducer.
As chick hepatic cultures had been shown to be very responsive 
to induction of aminolevulinic acid synthetase and porphyrin 
synthesis by a variety of drugs, they were used by Poland and 
Kappas (1971, 1973) to measure the metabolism of aminopyrine and 
chlorcyclizine. They found that aminopyrine N-demethylation 
was performed by the liver cells, with a resultant release of
4-aminoantipyrine into the growth medium. The:formation of the 
metabolite was inhibited by SKF 525A, hexobarbital, lauric acid, 
testosterone and carbon monoxide. Homogenates of the cells in
culture were shown to contain cytochrome P-450 and chlorcylizine 
N^-demfethylase, and the addition of allylisopropylacetamide and 
phenobarbitone increased the enzyme activity and P-450 content. 
Poland and Kappas concluded that hepatocyte culture was an ideal 
system for investigations of drug metabolism.
Gielen and Nebert (1971) working with cultures derived from 
16 - 20 day foetal rats found that aryl hydrocarbon hydroxylase 
could be induced in them by the addition of phenobarbitone,
3-methylcholanthrene or biogenic amines to growth medium. The 
mode of induction by these biogenic amines was similar to that 
described for the phenobarbitone and 3-methylcholanthrene.
Koff (1972) working with liver cells derived from human embryos 
of gestation age 13 - 20 weeks found D-galactosamine to be toxic 
to the hepatocytes but not to fibroblasts; the first observable 
alterations in the hepatocytes in vitro were nuclear abnormalities 
similar to those observed in vivo. D-glucosamine in equimolar 
concentrations had no effect on the nuclear structure of the cell 
and did not result in cell necrosis. He concluded that 
D-galactosamine hepatotoxicity in vitro might be a useful experi­
mental model of the human disease of galactosaemia.
Rat embryo liver cell lines, E3 and B1 were shown to be 
capable of metabolizing cyclophosphamide (Grayzel and Beck 1975) . 
They found that there was a significant loss of viability, as 
measured by cloning efficiency, when the rat embryo cell lines 
were exposed to 2 ;ug/ral of cyclophosphamide. Cells of a line of 
rat embryo fibroblasts, which do not metabolise cyclophosphamide,
were however unaffected by the drug. The difference in response 
between hepatocytes and fibroblasts thus demonstrate the 
importance of cyclophosphamide metabolites for growth inhibition.
Adult liver and hepatoma cultures
BisseH et al (1973, 1975 and 1976) examined the microsomal 
fraction from both primary monolayer cultures of hepatocytes 
obtained from the livers of rats which had undergone a 2/3 
partial hepatectomy and a permanent cell line HTC, derived from 
a transplantable hepatoma. Many cellular processes changed from 
the time of plating, and after a few hours in culture deviated 
from their initial levels; for example, over the first 24 hours 
in culture the levels of cytochrome P-450 decreased to approximately 
20% of the initial level. There was a parallel decrease in the 
rates of aminopyrine and aniline metabolism. This deterioration 
was not reflected in other cellular functions: p-nitroanisole
o-demethylase, showed little change in culture and was also 
inducible by polycyclic hydrocarbons. Haem oxygenase was also 
measured and was found to increase during the first 24 hours.
The addition of ascorbate to the growth medium significantly
/
increased the levels of P-450, and simplification of the amino 
acid content of the growth medium was found to have a similar 
effect. It was thought possible that the decrease in P-450 might 
reflect a normal response of the cell to its. new artificial 
environment containing nutrient imbalance. It is known however 
that partial hepatectomy leads to disturbance of microsomal-MFO 
metabolism (Henderson et al 1970) , and it is possible that' this 
could be carried over in the culture.
The apparently reciprocal relationship between the concen-. 
trations of P-450 and ha,em oxygenase was studied i n ’ vivo. The 
results confirmed the in vitro findings in that accelerated turnover 
of cytochrome P-450 preceded increased activity of haem oxygenase.
Also studied in vitro by BisseHat al were bile salt 
conjugation and haem catabolism to bilirubin. They showed also that 
when the growth medium was supplemented with -^C glucose the ^ C  
in lactate, glutamine, citrate or alanine was increased 30 - 8 0 -fold 
in HTC cells compared to the primary cultures; the ratio of 
citrate : malate was 0~6 in primary cultures but was 6.3 in HTC 
cells. Thus carbon flow in the primary cultures was found to 
differ strikingly from that in HTC cells. The differences 
suggested a block in aerobic glycolysis in HTC cells, which could 
have been due to the neoplastic nature of the cells or the age of 
the culture.
Owens and Nebert (1975), in a comparative study of the 
stimulation of cytochrome P-450 found differences in both basal 
and phenobarbitone-induced aryl hydrocarbon hydroxylase activities 
between liver in vivo and in cultures derived from foetal rat liver 
or rodent hepatomata. They were unable to detect proliferative 
changes in the endoplasmic reticulum of the cultured hepatocytes 
treated with phenobarbitone. In contrast, Sutter et al (1976) , 
using primary adult hepatic parenchymal cells cultured on floating 
collagen gels showed that the addition of phenobarbitone (2 x lCT^M)
to the medium for 5 days eli cited an increase in smooth endoplasmic
/
reticulum and an increase in cytochrome P-450, !
By usingsnaphthbflavone and SKF 525A as specific inhibitors 
of cytochrome P448 and P450 respectively, Owens and Nebert (1975) 
were able to show that the enzymes induced in the activated cells 
by either phenobarbitone or polycyclic hydrocarbons was P448, 
rather than the P450 present in rat liver'in vivo. Because of 
this difference, experiments with polycyclic hydrocarbon treatment 
of cultured liver cells or hepatomas may not reflect the actual 
situation in vivo as the metabolites generated by cytochrome P448 
may be different from th-.ose generated by P450.
A number of investigators have however, used hepatoma cell 
lines in metabolic studies. Two such lines have been shown to 
conjugate bilirubin (Rugstad et al 1970, and Wolf et al 1974), 
and the cell line - MH]_ - has been shown to be able to glucuro- 
nidate p-aminophenol and p-nitrophenol; the reaction was 
inhibited by the addition of chlorpromazine (Dybing 1972). 
Uridinediphosphate - g-lucuronyltransferase activity, using
O-aminophenol as the acceptor, was detected in homogenates of 
outgrowths of parenchymal cells of adult human liver after 5 days 
in culture (Sandstrom 1973).
Hepatocyte suspensions
The metabolism of a variety of xenobiotics has been studied 
using freshly isolated hepatocytes. Morphologically intact 
isolated parenchymal cells from rat liver were used to examine 
the hepatic metabolism of ethanol (Berry 1971). Acetanilide, 
aminopyrine and aniline were found to have no effect on'the basal 
rate of ethanol oxidation but acetanilide and aminopyrine-
inhibited the fructose stimulation of ethanol oxidation by 45% 
and aniline decreased it by 85%, Berg et al C1972) investigated 
the effect of dexamethasone phosphate on tryptophan oxygenase 
activity in suspension of rat liver cells, and found that when the 
cells were incubated for 7 hours in Krebs-Ringer solution, 
dexamethasone (final cone, 10~5m) induced a 2 - 3 fold increase 
in enzyme activity. As enzyme levels in control cultures 
decreased to about 6 0 % of the initial activity, the induced 
activity was 4 - 5  times higher than the controls after 7 hours.
The induction was found to be inhibited by Actinomycin D at a 
concentration of 2 ,ug/ml.
The metabolism of alprenolol by isolated rat liver cells was 
studied by Moldeus et al (1974). They found that the chemical 
was taken up into the cells, the Michaelis constant for the 
reaction being similar to that obtained with microsomes. The 
metabolic inhibitors SKF 525A and metyrapone showed similar 
inhibitory patterns in the isolated cells and microsomes. With 
the isolated hepatocytes the generation of NADPH from endogenous 
substrates was sufficient to support optimal drug metabolism, 
whereas in hepatocytes isolated from starved phenobarbitone- 
treated rats optimum drug metabolism was only achieved by the 
addition of glucose or lactate to the incubation medium.
Gerayesh-Nejad et al (1975) compared mixed function oxidase 
activity in isolated adult rat hepatocytes, microsomal preparations 
and liver slices using ethylmorphine, biphenyl, thiabendazole
f
and benzol)pyrene as model substrates. They found that with the 
exception of biphenyl hydroxylation, maximum enzyme activities
were observed in the microsomal preparations, with the slices 
showing more activity than the hepatocytes. They considered 
that an observed fall-off in biphenyl 4-hydroxylase activity 
after 20 - 30 minutes incubation of the isolated cells with 
biphenyl (2 ,5 mM) was due to leakage of co-factors into the 
medium or to enzyme degradation. However, it was reported by 
Fry and Bridges (1977) that the fall-off in biphenyl 4-hydroxy­
lase activity was more probably due to conjugation of the free 
4-hydroxybiphenyl or due to'cell damage caused by the high level 
of biphenyl used in the incubation medium.
Suspensions of freshly isolated rat hepatocytes have also 
been shown to be capable of metabolising a wide range of other 
xenobiotics including benzo (<x)pyrene (Vadi et al 1975), 
p-nitroanisole and p-nitrophenol (Moldeus et al 1974), ethylmorphine 
(Erickson et al 1976), and danoylamide and antipyrine,■
In the latter study the metabolism of the chemicals was found to 
be inhibited by the addition of SKF 525A and ethylmorphine but 
rapidly increased by the addition in vitro of phenobarbitone.
TABLE 1.1 METABOLISM OF XENOBIOTICS BY HEPATOCYTES IN VITRO
The datum is from studies in drug metabolism that have utilized 
hepatocyte suspensions, primary monolayers and epithelial cell lines 
derived from liver.
TEST SYSTEM 
Chick embryo liver 
cells grown in mono­
layer culture.
PARTICULAR ASPECT STUDIED 
induction of aminolevulinic 
acid synthetase
REFERENCE
Granick,S.(1963)
Strand,L.J. et al ' 
(1972)
Racz,W.J. et al (1974)
metabolism of aminopyrine 
and chlorecyclizine
Poland,A. et al (1971) 
Poland,A. et al(1973)
Primary cell cultures aryl hydrocarbon hydroxylase 
of foetal rat liver activity and induction
Gielen,J.E. et al
(1971)
Gielen,J.E. et al
(1972)
Owen, I.S. et al 
(1975)
Freshly isolated 
adult rat hepatocyte 
suspensions
metabolism of p-nitroanisole 
and p-nitrophenol
metabolism of naphthalene to 
naphthalene dihydrodiol 
glucuronide
Dybing,E. (1972)
Moldeus, P. et al 
(1976)
Bock,K.W. et al(1976)
metabolism of ethylmorphine 
biphenyl, thiabendazol and 
benzo pyrene
Gerayesh-Nej ad,S , 
et al (1975)
metabolism of dansylamide 
and antipyrine
Hayes, J .S . et al 
(1976)
TABLE 1.1 (continued)
TEST SYSTEM PARTICULAR ASPECT STUDIED REFERENCE
Freshly isolated 
adult rat hepatocyte 
suspensions
metabolism of alprenol 
ethanol metabolism
Moldeus, P. et al 
(1974)
Berry, M.N. (1971)
metabolism of benzo (cx) pyrene Vadi,H. et al (1975)
metabolism of ethylmorphine Erickson,R.R. et al 
(1976)
metabolism of biphenyl Wiebkin et al (1976)
benzo (c<) pyrene hydroxylene
activity Cantrell,E. (1972)
methotrexate transport Horne,D.W. et al 
(1976)
Rat embryo liver : 
cell lines, E3 and B1
metabolism of cyclophosphamide Grayzel.A.J. et al 
(1975)
Rat hepatoma cell 
lines
bilirubin conjugation 
metabolism of p-nitroanisole
Rugstad, E.H. et al 
(1970)
Wolf,C.W.F. et al 
(1974)
and p-nitrophenol Dybing, E. (1972)
aryl hydrocarbon hydroxy­
lase activity Owen,I.S. et al(1975)
Primary monolayer metabolism of 2-acetylamino- '
cultures of adult fluorene Leffert et al (1977)
rat hepatocytes
TABLE 1.1 (continued)
TEST SYSTEM PARTICULAR ASPECT STUDIED REFERENCE
Primary monolayer metabolism of p-nitroanisole Bissell et al (1973)
culture of adult
metabolism of aminopyrene Bissell et al (1975)
rat hepatocytes
metabolism of benzo (ex) pyrene 
metabolism of aniline
Some of the systems cited in the above table are described in more 
detail in the text.
The use of tissue culture for in vitro testing of carcinogenicity and
mutagenicity.
The purpose of many investigations has been to develop in vitro 
culture systems for preliminary screening of compounds for carcinogenicity. 
What is required is a set of rapid, economical tests, readily adaptable 
for routine screening of large numbers of compounds and giving 
reproducible results which, with known carcinogens, correlate well with 
their oncogenicity. The value of the tests would be enhanced if methods 
could be developed which would permit the detection of compounds which 
are converted to carcinogens in vivo.
The only conclusive proof of the carcinogenicity of any agent is 
the production of malignant tumours by its administration to animals.
This technique has, however, certain drawbacks:
a) Differences between and within species, in both target organ 
specificity and susceptibility for a particular carcinogen, make 
the extrapolation to man of results obtained in animals an 
uncertain procedure (Homburger and Fishman 1953; Huxley 1958).
b) With some carcinogens, such as cigarette smoke (Leuchtenberger
and Leuchtenberger 1974) , it may be difficult to reproduce the mode 
of administration to man.
c) Although in small animals, the time-scale for the production of 
tumours is short by comparison with humans, the duration of exposure 
before a compound can be considered non-carcinogenic is still many 
months.
d) it is very expensive to study chemical carcinogenesis using 
laboratory animals.
The use of in vitro culture systems, for preliminary screening of 
compounds for carcinogenicity and mutagenicity, would permit direct 
comparison of the responses of the tissues of various species, including 
man. The most obvious disadvantages of such systems arise from the 
absence of a circulatory system and the removal of the tissue from the 
homeostatic action of other organs and the renewal of nutrients and 
removal of toxic metabolites is normally intermittent rather than 
continuous. In cell cultures there is also loss of the normal cellular 
interactions between tissue components. These abnormalities contribute 
to the difficulty of maintaining differentiated organotypic cultures of 
some tissues, and possibly also to the 'spontaneous1 neoplastic transfor­
mation undergone by many cell lines after prolonged cultivation. It is 
clear, however, that in cultures of some tissues and cell lines, exposure 
to carcinogens produces preneoplastic changes within as short a time as
1 - 4  weeks.
1. Carcinogenicity testing
1.1 Organ culture
Lasnitzki, using organ cultures of rodent prostate gland and 
of human and rodent respiratory tract, has shown that treatment 
with chemical carcinogens produces, within 2 weeks, preneoplastic 
changes in the epithelial component, which in some explants invades 
the underlying connective tissue. Increased DNA synthesis in the 
hyperplastic epithelium of carcinogen-treated cultures has been 
demonstrated by autoradiography after administration of ^H-thymidine 
(see Lasnitzki 1973, for review). Similar results have been 
obtained by Crocker et al (1970) using rodent trachea. Barierjee,
Wood and Washburn (1974) have shown that a single treatment with 
dimethylbenzanthracene causes the development of hyperplastic 
alveolar nodules in cultures of mouse mammary glands.
1.2 Cell cultures
Cell lines have been widely used to study oncogenesis in vitro. 
The changes produced by carcinogens in such lines can be divided 
into three groups:
1.2.1 Fundamental changes in nucleoprotein metabolism
Exposure of cell cultures to carcinogens produces, within 
6 hours, changes in the structure of DNA (Lieberman et al 1971). 
Although similar changes are produced by non-carcinogenic mitogens, 
there is some indication that the repair in vivo of such lesions, 
produced by administration of agents to rats, is slower when they 
are caused by carcinogens (Damjanov et al 1973). In in vitro 
systems, however, repair of carcinogen-induced DNA damage seems to 
be rapid. Thus Stich et al (1971, 1975) in autoradiographic 
studies of hamster cells exposed to several agents, found a strong 
positive correlation between repair activity and carcinogenic 
potency. Peterson et al (1974), using alkaline sucrose sedimentation 
of DNA from synchronized mouse fibroblasts exposed to N-methyl-Nl- 
nitro-N-nitrosoguanidine, found that the peak period for malignant 
transformation was at a time when MNNG-induced lesions in DNA were 
being repaired at the fastest rate.
Aberrant methylation of RNA has been correlated with neoplastic
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change (Borek and Kerr 1972); high RNA-methylase activity has been 
demonstrated in cells in vitro after 'spontaneous1 transformation
induced by growth in medium containing horse serum (.Gantt and 
Evans 1969).
1.2.2 Changes resulting from abnormal nucleoprotein metabolism
These may appear within 14 days of exposure to the carcinogen 
(Chen and Heidelberger 1969) , although some workers have found 
a time-lag of at least 50 days between cessation of treatment and 
development of abnormalities (Sanford et al 1974). They include:
a) Nuclear changes
Chromosomal changes ocdur in cells treated with carcinogens, 
but their variability has led some workers (DiPaolo et al 
1971) to suggest that they are random occurrences independent 
of malignant transformation. Benedict et al (1975) , however, 
consider that the appearance of marker chromosomes revealed 
by trypsin-Giemsa banding is related to induction of malignancy 
in human fibroblasts: by urethane.
The morphological nuclear changes which show a high correlation 
with malignancy have been listed by Sanford et al (1974) as 
increased nuclear/cytoplasmic ratio, heterogeneity in nuclear 
size and shape, nuclear budding, nuclear bridges and abnormal 
mitosis, and heterogeneity in nucleolar size and shape.
b) Changes in synthetic processes and metabolism
Cells transformed by carcinogens in vitro frequently have a 
raised glycolytic and proteolytic activity (Sanford et al 
1967). They also show changes in surface membrane structure 
and function, indicated by agglutination by specific lectins,
changes in surface charge and altered sugar content of the 
membrane glycoproteins, and the development of new antigens 
(see Patterson-1974, for review). Malignant cells in vitro, 
unlike their normal counterparts, are very susceptible to 
lysis by 'activated1 macrophages (Meltzer et al 1975? Basic 
et al 1975). Some loss of differentiation occurs, but, as 
might be expected, is not total: cells from tumours, produced
by injection of liver cells transformed in vitro by 
methylazoxymethanol acetate, still synthesize serum albumin 
(Borenfreund et~ al 1975).
A more rapid inhibition of protein synthesis by carcinogens 
was observed by Cotten and Borsos (1974), who showed that 
exposures of macrophages for 1 hour to nitroquinoline N-oxide 
caused, within 4 days, a marked reduction in production of 
complement components 2 and 4? a similar effect was, however, 
-produced by some non-carcinogens.
1.2.3 Changes associated with changed patterns of synthesis
These appear at the same time as the later changes in the
abnormal metabolism of nuclear proteins. They include altered
*
cell morphology, increased intensity of cytoplasmic staining, 
increased phagocytosis, and alteration in growth pattern (loss 
of orientation, loss of contact,'inhibition of movement, and 
development of the ability to form colonies in soft agar).
The most significant property of chemically transformed cells
/
is their ability to produce malignant tumours on injection 'into 
animals of the corresponding strain? this may be reflected, in vitro 
by a prevention of repair of lesions in chick blastoderm (Mareel,
Vakaert and DeRidder 1973), It should be stressed that under 
some culture conditions cells which do not form tumours on 
in vivo injection can display some of the other characteristics 
listed above; it seems to be generally considered (Heidelberger 
1973; Sanford 1974), that the changes that are most valuable 
in predicting malignancy are those in groups 2 and 3.
It appears that a higher incidence of transformation is seen 
with established lines that have undergone 1 0 or more passages 
(Freeman et al 1973); although diploid lines are preferable for 
karyological studies, aneuploidy is not always associated with 
malignancy, and aneuploid lines can therefore provide adequate 
test material, provided they are found not to produce tumours on 
injection into animals.
The use of both epithelial and fibroblastic cells as targets 
for the agents under test would be advantageous; with human tissue, 
in particular, the high carcinoma : sarcoma ratio of tumours 
developing in vivo may be reflected by a greater susceptibility 
of epithelial cells to transformation in vitro.
The ease with which carcinogens transform cells in vitro 
seems to be related to the incidence of tumours in the species 
from which the cells are obtained. Thus the cells of the mouse 
are readily transformed, while those of the guinea pig, which 
show a low natural tumour incidence (Huxley 1958), are more 
resistant to transformation (Evans and DiPaolo 1975).
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Mutagenicity Testing
The primary objective of mutagen testing is to determine
whether a chemical has the potential to cause heritable genetic 
alterations in man. Since mutations occur at several levels of 
chromosome organisation it is imperative that assay systems 
measure distinctly definable genetic events such as chromosomal 
mutations, changes in chromosome number and point mutation.
2.1 Chromosomal effect
Mammalian cells in culture have been employed for the 
assessment of chromosomal effects. The most extensive quanti­
tative data on the production of damage to human genetic material 
have come from studies on the induction of chromosome aberrations 
in peripheral leucocytes by ionizing radiation (McFee 1970;
Brewen 1973). The results showed that when the cells received 
comparable doses of radiation the chromosome damage was the same 
in vitro as in vivo.
The problems encountered in making similar comparisons for 
chemical mutagens has proved more complex due to differences 
between dosing, exposure and detoxification in vitro and in vivo. 
These problems have been demonstrated in experimental testing.
Brock (1963) showed that cyclophosphamide induced chromosomal 
aberrations in vivo but not in vitro while Schmid (1971) showed 
that to produce equivalent degrees of chromosomal damage in 
Chinese hamster bone marrow in vivo and Chinese hamster fibroblasts 
in vitro, the dose of trenimon used in vivo had to be 1 0 0  times 
greater then that in vitro. It is obvious therefore that the 
study of chromosome damage in vitro is complex. /
2.2 Point mutation
In mammalian cell systems only a small amount of work had 
been carried out on mutation studies using tissue culture techniques. 
The reason is mainly that few mutants can be isolated which have 
the ability to form clones with a reasonably high plating efficiency 
and also a diploid cell line is required for mutant cell studies. 
Most cultured cell lines have abnormal chromosome constitutions 
and if diploid usually do not grow into colonies. It was therefore 
generally believed that mammalian cells in tissue culture could 
not be used to detect mutagens. However, a strain of Chinese 
hamster cells was isolated by Chu which formed colonies, had a 
high plating efficiency and was used in mutation studies of 
resistance to 8-azaguanine (Chu 1968), and Kao and Puck (1968) 
also revealed that gene mutations were produced when Chinese hamster 
cells were incubated for short periods in the presence of alkylating 
agents.
The mouse lymphoma cell line L5178Y developed by Fischer (1958)
proved to have several advantages over the other cell types: the
cells grew rapidly in suspension cultures, cloned with a high 
efficiency in soft agar and could be injected into the peritoneal 
cavity of DBA2 mice where they continue to grow for several days.
Thus the abilitv of the host to activate or de-toxify potential
mutagens could be examined (Lee 1973).
Cole et al (1976) examined the toxicity of five potential 
selective agents: excess thymidine, 6-thioguanine, cytosine
arabinose, ouabain and methotrexate for the determination of 
mutation rate. They concluded that the method offered a reasonably
simple and sensitive method for detecting mutagenesis in 
cultivated mammalian cells.
Since the majority of chemical carcinogens are not reactive 
per se but require metabolism to their active form, a major 
deficiency of all the methods described for detecting carcinogens 
and mutagens is the inadequacy of the chemical metabolising 
component of the test system. A number of systems have been 
developed to compensate for this fact. The various metabolic 
activation systems used can be grouped into three main categories;
1 ) in vivo systems in which the test substances are metabolised 
in the intact animal, i.e. host mediated assay; 2 ) in vitro 
systems employing metabolic capabilities of tissue homogenates 
and 3) metabolising cells in culture. Each system has, however, 
its problems:
1 ) in vivo systems: difficulty in retrieving tester organism,
limited time tester organism can stay in the animal, distribution 
of the active substance, half life of metabolite etc.
2 ) in vitro systems: microsomes have a short useful life time 
(less than about one hour at 37°C) production of an artificial 
metabolite situation as the balance of activation and detox­
ification enzymes are upset, potentially rate limiting phenomena 
such as co-factor availability disturbance, the influx of 
carcinogen and efflux of carcinogen metabolites are removed, 
chemical and its microsomally generated products do not have 
access to the enzymes of the cytosol, mitochondria etc., which
f
may play an important role in forming the ultimate carcinogen.
3) cell culture system: compound must be taken up by the cell,
metabolised, and released; many cultures lose their ability 
to metabolise and even with cells in which metabolism of 
certain compounds appears to be quite active there are important 
qualitative changes from those in freshly obtained microsomes.
As an example Owens and Nebert (1975) have shown that in every 
liver-derived culture line studied, cytochrome P-450, the 
dominant enzyme system in the metabolism of most carcinogens 
is replaced by an aberrant form,' cytochrome P-448, which has 
markedly different metabolising capabilities.
. An alternative approach to the use of the metabolizing systems 
described would be to utilise primary cultures of non-dividing, 
differentiated mammalian liver. These must be from adult animals 
as very young animals do not possess a full complement of drug 
metabolising enzymes.
A recent investigation to evaluate six short-term tests for the 
detection of carcinogens showed that the Ames test and ’cell 
transformation’ assay were the most sensitive (Purchase et al 1976). 
The possibility of using these two methods as well as the DNA 
repair test in combination with short-term cultures of liver cells 
as the metabolising component should be explored.
Hepatocyte - mediated metabolic activation of chemical mutagens 
for detection of mutation in micro-organisms.
Many mutants have been isolated which block various steps in
t
histidine bio-synthetic pathways of S .typhimurium. Ames et al 
(1973, 1975) selected a series of tester strains which revert by
specific mechanisms, e.g. base-pair substitution of frame shift 
mutation for use in screening procedures. The metabolising agent 
employed in his and similar tests (Bridges 1972) is. the microsomal 
fraction, as mentioned earlier, the validity to the use of this 
component is questionable.
A feasibility study of co-incubatinq hepatocytes with strains 
of S. typhimurium and assessing mutation rates after exposure to 
various chemicals, thus ascertaining the validity of the technique _ 
as routine mutagenicity screening test should be attempted.
4. "Cell transformationM assay using MRC-5 cells.
An assay in which "cell transformation" was assessed by the 
ability of the cells to form clones in soft agar was described 
by Purchase et al (1976). It seems that the test could be used as 
a rapid bio-assay for the detection of carcinogens. To overcome 
problems of metabolism, the authors used a microsomal fraction from 
liver (Ames et al 1975) to activate the test compounds.
In view of the anticipated difficulties in obtaining Wl 38 
cells (used by the authors) in the future and the fact that the 
Chang liver cells (also used by the authors) may be contaminated 
with HeLa cells which are known to grow in soft agar; the MRC-5 
cell line which is easy to obtain and grow, and is of human lung 
origin, could be used as an alternative to the other cell lines.
5. Demonstration of .unscheduled DNA repair as an indication of DNA
damage.
Of the techniques available, that of Stich et al (1971, 1975)
appears most suitable for adaptation to routine screening. Their 
method involves a brief incubation of non-dividing mammalian 
fibroblasts with a carcinogen and tritiated thymidine followed by 
autoradiography. Any labelling of the nucleus is considered to 
be DNA repair. However, as mammalian fibroblasts do not appear 
to possess the full complement of enzymes necessary for carcinogen 
activation, various attempts have been made to simulate an 
acceptable metabolising component, e.g. incubation of the cells 
with liver microsomes, or incubating cells with the probable 
ultimate carcinogen (Laishes and Stich 1973). These techniques 
do work but would appear impractical for routine screening of 
chemicals.
DNA repair could be investigated by measuring the incorporation 
of thymidine by non-dividing hepatocytes or by measuring the 
incorporation into non-dividing fibroblasts co-incubated with the 
liver cells. The sensitivity and reproducibility of the test 
could be evaluated by comparing results given by known carcinogens 
(including those requiring metabolic activation) and non-carcinogens.
The foregoing research represents a period of about 70 years of 
effort in the field of tissue culture. Most of this period was devoted 
to establishing the basic nutritional and physiological conditions 
required for the proliferation of cells in vitro. However, during the 
latter years considerable effort was expended in the study of mechanisms 
of drug toxicity, carcinogenicity and, more recently, drug metabolism.
As the liver is considered to possess the most comprehensive array of 
toxifying and detoxifying enzymes of any organ found in the body, a well
characterized liver cell line would be a valuable tool for use in inves­
tigations such as those described above. Unfortunately, as discussed 
earlier, a major problem with the use of hepatic cell lines is the loss 
of continued cultivation of various morphological and functional properties 
characteristic of differentiated liver; Owens et al (1975) for example 
have claimed that all liver cell lines contain, like foetal hepatocytes, 
cytochrome P-448 but not cytochrome P-450, which is the form found in 
normal animals after birth.
An alternative approach to the study of the metabolism of hepatocytes, 
which would eliminate or reduce the problem of de-differentiation, is the 
use of cells which have been maintained in vitro for much shorter periods; 
these could be either suspensions of cells freshly isolated from liver 
or short-term monolayer cultures. The second of these systems has 
distinct advantages over the first: cultures have a much longer useful
life span ( 3 - 4  days) than suspensions (3 hours), and their use permits 
recovery from the trauma of cell isolation. Most of the work during the 
course of this study was therefore directed to:
1 . devising a simplified, inexpensive recycling perfusion system which 
could be routinely used to isolate, from a variety of species, 
large numbers of intact hepatocytes suitable for the initiation of 
primary cultures.
2 . obtain evidence to indicate whether or not hepatocytes in culture 
might be expected to possess the majority of metabolic functions 
of intact liver.
3. ascertaining if there are any quantitative and/or qualitative 
changes associated with aging in culture in the ability of ' 
hepatocytes to metabolise foreign compounds
4. investigating the value of cultured hepatocytes in in vitro tests 
for toxicity and carcinogenicity.
The procedures adopted and the results obtained are detailed.in the 
following chapters.
CHAPTER 2 MATERIALS AND METHODS
Tissue culture media provide all the essential nutrients required 
for the multiplication of mammalian cells; however, they also provide 
an excellent culture medium for the growth of microbial contaminants.
To avoid contamination of cell cultures all procedures were carried out 
using clean'sterile''equipment in a laminar flow cabinet (vertical flow) 
(Microflow Ltd.).
Materials 
1. Animals
For most of the investigations cells were obtained from the 
liver of Rhesus monkeys (Macaca mulatta) or New Zealand white 
rabbits; a 5-day old pig was used in one experiment.
Livers were obtained from Rhesus monkeys which had been used 
as a source of kidneys for cell culture. These animals were 
obtained from India or Africa where they were housed in strict 
quarantine for several weeks. On arrival in England they were 
further quarantined before being transferred to the primate 
building at Huntingdon Research Centre. On the termination of 
the commercial production of monkey kidney cell lines by 
Huntingdon Research Centre the supply of monkey livers also ended. 
It was for this reason that in later experiments rabbits were 
used as the source of liver tissue. New Zealand white rabbits 
were obtained from Hylyne Commercial Rabbits, Cheshire, England. 
The pig was obtained from the Department of Animal Science, 
Huntingdon Research Centre.
Materials, Media and Chemicals
i
Culture vessels used were polycarbonate feeding bottles 
obtained from Maws Ltd., Nunclon petri dishes (having a total 
culture area of 57 and 21 cm2) and tissue culture flasks (having 
a total culture area of 26.1 cm2) were supplied by Nunc, U.K.
The BPC sterilised absorbent gauze was obtained from X.K.L., 
England.
The suppliers of various media, media supplements, enzyme 
and chemicals are listed in the Appendix. The ethoxycoumarin, 
7-hydroxycoumarin and 4-aminoantipyrine were generous gifts from 
Dr. J. W. Bridges, University of Surrey and SKF 525A was obtained 
as a gift from Smith Kline and French Ltd., England.
All glassware used was soaked in detergent (Pyroneg) over­
night, rinsed six times in running tap water and four times in 
distilled water, wrapped in aluminium foil and autoclaved at 
15 lb/sq.in. pressure for 15 minutes. All solutions were steril­
ized by either autoclaving at 15 lb/sq.in for 15 minutes or by 
filtration through a Millipore filter, pore size 0.22 ;u. All 
media used (unless stated otherwise) contained antibiotics 
penicillin 1 0 0 iu/ml, streptomycin 1 0 0 ug/ml, and fungizone
0.25 /ig/ml. Those chemicals which did not dissolve readily in 
the culture medium were initially dissolved in a minimal amount 
of acetone, ethanol, dimethyl sulfoxide or Tween 80, and then 
added to the growth medium. These organic solvents always gave 
a concentration of less than 0.1% in the growth medium. In all 
studies, the control groups received the same amount of splvent 
as did the test groups.
Methods
1. Cell culture
Cell dissociation procedures:
1.1 Use of Trypsin
The donor animal was anaesthetized with althesin in the 
operating theatre and exsanguinated. The liver was then removed 
placed in a sterile container and transferred to the laminar flow 
cabinet. The liver was finely minced using sterile scissors and 
then placed in a 500 ml conical flask and exposed at 37°C to trypsin 
dissolved in PBS 'A1 at a final concentration of 0.25%; a magnetic 
stirring bar was used to aid mixing and dissociation. After 
30 minutes of dissociation calf serum was added to the mixture to 
inhibit tryptic digestion. The resulting cell suspension was 
filtered through sterile gauze into a centrifuge tube and washed 
three times by centrifugation with 100 ml of Hanks BSS containing 
5% calf serum and antibiotics in a refrigerated centrifuge (MSE 
Mistral 4L) at 800 rev/min. for 5 minutes.
After counting and viability assessment the cells were sus­
pended in medium 199 with Earle ^s .'salts supplemented with 10% 
calf serum and antibiotics. The polycarbonate bottles were seeded 
with 30 ml of suspension containing 5 x 102 cells/ml. The bottles 
were incubated at 37°C on a tissue culture roller apparatus 
(designed and built at Huntingdon Research Centre) revolving at 
12 revs/hour. Two ml aliquots of cell suspension were also placed 
in Nunc culture flasks (area 21 m2) and 5 ml aliquots were placed
t
in the larger culture flasks, (area 57 cm2) . Growth was assessed 
by periodic microscopic examination of the cultures with an Olympus 
CK inverted microscope.
1.2 Use of Disaggregation Column
The animal was killed and the liver removed as described 
above, placed in a sterile container and finely minced. The tissue 
was then washed with PBS 'A' solution before being placed in the 
glass disaggregation column containing 0.25% trypsin in 200 ml of 
Hanks balanced salt solution supplemented with antibiotics. The 
column tubing was then attached to the peristaltic pump, (Watson- 
Marlow Ltd.) the pump started and the speed increased gradually 
until the 65 mark was reached; the system was then left undisturbed 
for various times up to 2 0 minutes.
Following disaggregation, filtration, washing and initiation 
of cultures were carried out as described in 1 . 1 above.
1.3 Use of Perfusion Technique
The animal was anaesthetized with althesin in the operating 
theatre and an incision made in the lower abdominal wall. The 
abdominal cavity was opened by midline incision with lateral 
extensions and the intestine was moved to the left side. The 
abdominal aorta was exposed, clamped and severed to allow entry 
of a catheter. The clamp was ^released and the blood allowed to 
flow freely into a container.
/
The portal vein was exposed and cannulated. Another cannula 
was tied in the thoracic portion of the inferior vena cava. To 
prevent leakage of enzyme from the liver during the subsequent 
perfusion, arterial forceps were used to clamp the hepatic artery
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and the inferior vena cava anterior to the renal vein. The'gall 
bladder was dissected out and the liver removed from the body
cavity and placed in a sterile container for transportation to the 
laminar flow cabinet. To remove the remaining blood, the liver 
was perfused with Hank's balanced salt solution containing anti­
biotics . The organ was then connected via the portal vein and 
inferior vena cava to the perfusion apparatus depicted in Figure
2.1 and perfused with either 100 ml of 0.05% collagenase and 0.10% 
hyaluronidase, or with 0.2,5% trypsin in warm calcium-free Hank's 
solution. Perfusion was continued until the liver began to 
disintegrate. The organ was then placed in a sterile conical 
flask, 50 ml of warn fresh enzyme solution was added and the mixture 
shaken very gently in a shaking water bath at 37°C for five minutes; 
the resulting cell suspension was decanted into a sterile container 
at 4°C to inhibit enzyme activity. Digestion of the liver fragments 
was repeated twice using fresh enzyme solution.
The filtration washing and initiation of cultures from the 
pooled cell suspensions were carried out as described in 1.1.
Cell Count and Viability Assessment - Trypan Blue Dye Exclusion Test
A 0.1 ml aliquot of the cell suspension in culture medium was 
mixed with 1.6 ml of Trypan Blue Solution (.1 volume 1% w/v Trypan 
Blue in water in 14 volumes of PBS) . The mixture was shaken and 
allowed to stand for 1 0 minutes by which time the dye had permeated 
the dead cells. The cells were then fixed by the addition of 0.1 ml 
of 40% formaldehyde and the number of stained and unstained cells
were counted in a haemacy tome ter with Neubauer ruling. The ratio
no. unstained cells .. 0 . , . _ .. _ .. .—  .--------— --- x 1 0 0 gave the % viability of the sample.
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3. Techniques used in Morphological Examination
For these studies the cells were cultured either on cover 
slips (22 mm diameter), in plastic dishes, or direct on the wall 
of plastic flasks or polycarbonate feeding bottles.
3.1 Light microscopy
The cells were fixed and stained in situ on the culture vessel. 
The stained preparations were examined using a "Zeiss Ultraphot II" 
microscope and photomicrographs prepared from representative 
preparations. Staining methods were as Disbury and Rack (1970); 
where a method has been modified this has been indicated.
Staining methods 
3.I X  Haematoxylin-Eosin Stain for general morphology (modified)
The cultures were rinsed three times in PBS 'A1 prior to
fixation with methanol: acetic acid (5:1). Plastic flasks and
polycarbonate bottles were cut with a hot wire into pieces measuring
5 cm x 2 cm. After fixation, all cultures were stained as follows:
a) repeated washing in 70% alcohol and distilled water.
b) Ah to 5 minutes of staining with Harris's haematoxylin.
c) several washings in distilled water.
d) blueing in a dilute solution of lithium carbonate (0 .0 0 1 %)
e) washing in running tap water.
f) differentiating in acid alcohol for 10 - 15 minutes.
g) blueing in running tap water for 1 0 minutes
h) counterstaining in 0.1% alcoholic eosin for 3 minutes.
i) rinsing in ascending grades of alcohol (re 6 0 %, 70% and 1 0 0 %).
The coverslips were dipped in xylene and mounted in DPX on
microscope slides. The polystyrene and polycarbonate slides were
air dried and the coverslips applied with immersion oil as the 
mountant.
3.1.2 Periodic acid - Schiff (PAS) stain for glycogen (modified)
The cultures were fixed and treated as in 3.1.1 prior to being
stained. After fixation all cultures were stained as follows:
a) 5 minutes treatment with 0.5% aqueous periodic acid.
b) several washings in running tap water and rinsing in several 
changes of distilled water.
c) stained for 15 minutes with Schiff1s reagent.
d) rinsed in several changes of distilled water.
e) counterstained in Harris's haematoxylin for 1 minute.
After staining all cells were washed in running tap water for 
5 minutes, dehydrated, cleared and mounted as described in 3.1.1.
As a control, duplicate cultures were fixed, washed in 
distilled water and placed in diastase solution (0 .1 %) to remove 
any glycogen. These treated controls were washed well in running 
tap water after which they were processed with the test cultures.
3.1.3 Fouchet's method for bile pigment
The cultures were fixed and treated as in 3.1.1 prior to 
being stained:
a) treated with Fouchet's reagent for 5 minutes (to oxidise 
bilirubin to green biliverdin).
b) washed well in distilled water for 2 minutes
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c) nuclei stained in 1% neutral red for 30 seconds.
d) rinsed well in running tap water.
The cells were then dehydrated, cleared and mounted as in 3.1.1.
3.1.4 Schmorl's ferricyanide method for lipofuscin
The cultures were fixed and treated as in 3.1.1 prior to 
being stained. The cultures were then:
a) washed well in distilled water.
b) placed in ferric ferricyanide reagent for 1 0 minutes.
c) washed in acetic acid.
d) rinsed in distilled water
e) nuclei stained in 1% neutral red for 30 seconds.
f) rinsed well in running tap water.
g) dehydrated,cleared and mounted as in 3.1.1.
3.1.5 Perl's stain for ferric iron
The cultures were fixed in neutral buffered formalin for 
20 minutes and then treated as in 3.1.1 prior to being stained. 
The cultures were then:
a) washed well in distilled water.
b) placed in Perl's reagent for 20 minutes.
c) washed well in running tap water for 1 0 minutes.
d) nuclei stained in 1 % neutral red for 30 seconds.
e) rinsed in running tap water.
f) dehydrated, cleared and mounted as in 3.1.1.
3.1.6 Feulgen's stain for DNA (modified Feulgen 1926)
Cultures on the glass slides were fixed in Carnoy's fluid 
while those on the polystyrene and polycarbonate were fixed in 
methanol: acetic acid (5:1). Carnoy fluid gives better preser-
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vation of nuclear detail but could not be used for cells grown on 
plastic since it contains chloroform; cultures fixed in this 
agent were washed several times in 8 0 % alcohol to remove lipids
and aldehydes. After fixation the cultures were:
a) rinsed repeatedly in 70% alcohol.
b) rinsed in several changes of distilled water.
c) rinsed once in N/l hydrochloric acid.
d) placed in N/l hydrochloric acid (pre-heated to 6 0 °C) in water
bath at 60°C for 8 minutes (found to be the optimum time).
e) rinsed well in distilled water.
f). placed in Schiff's reagent for 1 hour.
g) washed in running tap water for 1 0 minutes. ■
h) counterstained with 0 .1 % aqueous light green for 2 0 seconds.
i) rinsed well in tap water.
j) dehydrated cleared and mounted as in 3.1.1.
.7 Toluidine blue 0 for autoradiographs
Dried, developed autoradiographs were stained in freshly made 
0 .1 % toluidine blue 0  for 2 minutes and rinsed in running tap 
water. Cells grown on glass were mounted in DPX and those on plastic 
in glycerin jelly. The stain was checked before use as certain 
toluidine blues act as reducing agents and therefore remove the 
silver grains (Bucke 1975), the batch purchased from R. Lamb,
England was found to be suitable.
2 Electron Microscopy
All cell monolayers for electron microscopic examination were 
grown on polycarbonate feeding bottles. Following washing of the 
cells with PBS 'A' they were fixed in situ in cold 5% glutaraldehyde 
in 0.2m  cacodylate buffer (pH 7.3) for 2 hours. They were then 
washed twice in buffer for 30 minutes and post-fixed in osmium
tetroxide for 1 hour at 4°C. The bottles were then cut into 
pieces measuring 5 cm x 2 cm which were washed in buffer overnight.
The cells were then either gently removed from the polycar­
bonate using a camel hair brush or left attached to the pieces 
of plastic which were then cut into slivers, each sliver having 
cells attached to it. The cells and slivers were then processed 
as follows:
70% alcohol 30 minutes
95% alcohol 30 minutes
1 0 0 % alcohol x 2 30 minutes
Propylene oxide 15 minutes
Propylene oxide : Epon resin (50:50) 15 minutes
Resin 50 minutes at 6 0 °C
Resin 50 minutes at 6 0 °C
Resin 50 minutes at 6 0 °C
Resin in capsule - polymerse at 60°C for 48 hours
After polymersatioir-t&e block of resin was removed from the 
capsule and the cells could be seen at the bottom of the block. 
Survey sections (1 ;um) were cut until the cells were visible 
when stained with toluidine blue. The block was then trimmed 
down to make the sectioned area as small as possible. When the 
maximum amount of embedding media had been removed ultrathin 
sections were cut with 55° glass knives on a Reichart OMU3 
microtome and mounted on 200 mesh copper grids. The grids were
t
stained with lead citrate for 3 minutes at room temperature^ 
washed well in distilled water allowed to dry and examined with
a Philips E.M. 300 operating at 60 KV. Representative areas 
were photographed on Kodak Fine Grain Positive 35 mm film.
4. Techniques used for studies of Physiological Activity
4.1 General Techniques
4.1.1 Acetate incorporation into lipids
^ 1 4 C7  sodium acetate was added to growth medium to give a 
final concentration of 5 ;uCi/ml. The medium was then incubated 
with hepatocytes which had been grown in polycarbonate bottles 
for 5 days. After 24 hours incubation, the culture medium was 
removed and the lipids extracted with chloroform : methanol (2 :1 ). 
The cells were harvested with 1% trypsin and sedimented by 
centrifugation at 1 0 0 0  rev/min for 1 0 minutes; the lipids were 
then extracted from the cell pellet and washed by the method 
of Folch et al (1957) and dissolved in a small quantity of 
chloroform:methanol (2:1). The cellular lipids and the extracted 
lipids from the growth medium were applied along with standards 
to pre-layered Kieselgel F 254 plates and separated by thin layer 
chromatography using hexane : diethyl ether : glacial acetic acid
(70:20:1) as the developing solvent.
Radioactive components on thin layer plates were detected 
by apposition autoradiography on X-ray film. Zones of radio­
activity were excised and ground to a fine powder which was 
thoroughly mixed with water and Triton X-100 scintillator. The
t
technique gave recoveries of radioactivity exceeding 95%.,
4.1.2 Amino acid incorporation into Protein
For this study the cells were cultured on sterile cover- 
slips (22 mm diameter) or sterile glass microscope slides (cut 
down to 45 mm in length); both maintained in sterile petri dishes 
and sterile plastic bottles. The freshly cultured hepatocytes 
were incubated in the presence of L-/74,5-3H_7 leucine at a 
concentration of 5 ;uCi/ml for the desired time period, after 
which the medium was aspirated and the cells were washed three 
times with sterile saline. Incorporation of the labelled amino 
acid was estimated either by scintillation spectrophotometry or 
autoradiography.
a) Scintillation spectrophotometry
The cells grown on plastic bottles were harvested with 1% 
trypsin and pelleted by centrifugation at 1 0 0 0  r.p.m. for 
10 minutes. The cellular protein was then precipitated with 
cold 20% trichloroacetic acid. The precipitate was washed 
three times in 1 0 % trichloroacetic acid by centrifugation 
at 2000 r.p.m. for 10 minutes. The precipitates were 
dissolved in Toluene-triton X-100 based scintillator and the 
radioactivity was measured by a Philips Liquid Scintillation 
Analyser with automatic external standard channel ratio 
quench correction.
b) Autoradiography
The cultures grown on both coverslips and microscope slides 
were fixed in methanol : acetic acid (5:1) for 30 minutes 
and washed in several changes of distilled water to remove
t
the fixative, loose cells and debris. For ease of handling
coverslips were attached, cells uppermost, to clean 
microscope slides with a drop of DPX.
The autoradiographic procedures were carried out in the 
darkroom at a constant temperature of 20°C t 2°. Illumin­
ation was by a safelight fitted with a Kodak filter No.l 
(red) lit by a 25 watt bulb and placed some 4-6 feet away 
from the working area. Stripping film (Kodak AR-10) was 
used to coat the cultures and the procedures recommended 
by Rogers (1973) were followed. Pieces of stripping film of 
suitable size were floated, emulsion side down, on the 
surface of fresh glass distilled water containing soluble 
bromide at a concentration of 0.05% and sucrose at a 
concentration of 2%. These respectively retarded the growth 
of background and prevented loss of sensitivity. After 
2 minutes, when the film had swollen, it was picked up on the 
surface of the slide which had the hepatocytes on it. To 
achieve even greater contact between the film and hepato­
cytes the slides were first dipped in 0 .0 2 % egg albumin 
which made them tacky and thus prevented the film from 
slipping on the slide.
The slide with the film on it was left to stand vertically 
in a gentle stream of cool air for 2 0 minutes and then placed 
in a large light-tight box containing a quantity of silica 
gel and allowed to dry slowly for 24 hours at room temperature.
Experience has shown that long slow drying is better than
(
fast drying with an electric fan as it prevents cracking 
and shrinkage of gelatin.
After drying the slides were placed in a small light-tight 
box each containing a few grains of silica gel, to keep 
the slides dry, and exposed at 4°C; the length of exposure 
time being dependent upon the source of radioactivity.
After the required exposure time (usually 7 days) the 
autoradiographs were developed. All procedures were carried 
out in the darkroom using the red safelight and the solutions 
used were cooled to 17-18°C. The slides were placed in 
Kodak D19 developer and left for 7 minutes without agitation; 
they were then washed in 2% acetic acid for 1 minute and 
fixed in Kodak Unifix for 10 minutes. The light was then 
switched on and the slides examined to make sure the film 
was quite clear; if it was not they were re-immersed in 
the fixative and left a little while longer. They were 
then washed in tap water and finally immersed in slowly 
running tap water and washed for 20 to 30 minutes, after 
which they were dried prior to staining to ensure that the 
gelatin did not lift off. They were then stained in 
toluidine blue 0 and rinsed in tap water. The excess film 
was trimmed away leaving only the stained cell cultures 
covered. For microscopical examination the stained auto­
radiographs were thoroughly air dried, dipped in xylene and 
mounted in DPX.
4.1.3 Thymidine incorporation into Deoxyribonucleic acid
For this study hepatocytes, grown on coverslips (22 mm diameter)
/
and cut down glass microscope slides,were incubated in the presence
of Zjnethyl-3H7 thymidine at a concentration of 5 ^iCi/ml for the 
desired time period. The cultures were then processed for 
autoradiography./ as described above (4.1.2).
4.1.4 General enzyme histochemistry
The methods used in these studies are described by Pearse (1972).
a)- Non-specific esterases
This was chosen as an example of a fat splitting enzyme 
without substrate specificity. The principle of the technique 
used was the hydrolysis of a soluble ester of indoxyl resulting 
in the liberation of the free indoxyl which was oxidised by 
atmospheric oxygen to bright blue indigo.
The hepatocytes grown on coverslips were fixed in neutral 
buffered formalin at 4°C for 30 minutes and washed in 
distilled water. They were then placed in incubation medium 
at 37°c for 1 hour, rinsed briefly in water and mounted on 
clean dry slides in glycerin jelly.
b) Diaphorase (NADH2)
The diaphorases are flavoprotein enzyme systems which catalyse 
the oxidation of NADH and NADPH. The activity of the system 
was tested by using NADH as the substrate and as the hydrogen 
acceptor, the tebrazolium salt TNBT which changes colour on 
mild reduction.
The hepatocytes grown on coverslips were incubated with the
t
substrate for 1 0 minutes, washed in running tap water for 5 
minutes, fixed in buffered formalin and mounted in glycerin- 
jelly.
4.2 Specific techniques
4.2.1 Storage of glycogen
This was qualitatively assessed by the presence of intracellular 
diastase ^ digestible carbohydrate, as revealed by the PAS stain 
as described above (3.1.2).
4.2.2 Effect of Insulin on Glucose Metabolism
Five days after the initiation of the culture, cells growing 
on polycarbonate received fresh medium containing O. 5 ?iCi D 
glucose/ml; 1 0 ml of this radioactive medium was used per bottle.
For some cultures the radioactive medium also contained insulin at 
a final concentration of 0.01 or 0.015 i.u. At specified time 
intervals 1 0 0  ;ul of medium was aseptically removed and pipetted 
into scintillation vials; 1 0 ml scintillator was added and the 
activity was counted in a Philips Liquid. Scintillation Analyser.
4.2.3 Bilirubin conjugation
Bilirubin formed from haemoglobin in the reticulo-endothelial 
system has been shown to be conjugated with glucuronic acid in 
the liver cells. Five days after the initiation of the culture, 
cells growing in polycarbonate bottles received fresh phenol red- 
free growth medium containing bilirubin at a concentration of
43.3 ;ug/ml. A standard bilirubin solution had been prepared by 
dissolving 1 mg bilirubin in 0.5 ml of 0.05N NaOH, followed by 
the addition of 9.5 ml of medium, and was sterilised by filtration 
before use. Fresh bilirubin solutions were prepared immediately 
before each experiment.
t
The cultures were incubated at 37°C and 0.25 ml samples were
removed at intervals - . for immediate measurement of conjugated
and unconjugated bilirubin by the method of Jendrassik et al (1938) 
which involves the use of caffeine-sodium benzonate-sodium acetate 
solution and alkali to convert the pink azobilirubin to blue. A 
commercial test combination kit (Boehringer Mannheim) was used 
for all determinations.
4.2.4 Albumin production
Four days after the initiation of the culture, cells growing 
in polycarbonate bottles received fresh growth medium containing 
no calf serum. After a 24 hour incubation the serum proteins ; 
secreted by the hepatocytes into the culture medium were character­
ised by protein electrophoresis with a Millipore Agaroslide system 
using Millipore Phoroslides staining with Ponceau S.
The medium was also tested for the presence of albumin by 
Ouchterlony gel diffusion against anti-rabbit albumin and anti­
monkey albumin antiserum. Visualisation of the line of precipit­
ation was by staining with amidoschwarz 10B as recommended by 
Varley (1969).
4.2.5 Bromsulphthalein uptake
Five days after the initiation of the culture,, cells growing 
on polycarbonate bottles received fresh phenol red-free growth 
medium containing sterile bromsulphthalein at a concentration of 
25 ,ug/ml. After 45 and 90 minutes, samples of growth medium were 
removed. To 1 ml of the medium 5 ml of water and 6 ml of 0.1N 
sodium hydroxide was added. A blank was put up at the same time 
using 1 ml of medium, 5 ml of water and 6 ml of 0.1N hydrochloric 
acid. The samples were read on a :cdlorimeter using a yellow-green
filter, transmission 530 millimicrons (Mateer et al 1942).
A standard curve was also prepared.
4.2.6 Hippuric acid synthesis test
Five days after inoculation, cells growing on polycarbonate 
bottles received 1 0 ml of fresh medium, containing Z7^  Q_7 benzoic 
acid at a concentration of 1 ;uCi/ml. After a further 24 ijours 
cultivation the growth medium was assayed for benzoic acid and 
hippuric acid by the extraction technique and chromatographic 
system .of-Vonl Kerckhoven (1974). The cells were also assayed for 
benzoic acid and hippuric acid using thin layer chromatography.
The cells were homogenised in methanol and centrifuged to remove 
the insoluble residues, the methanol eluates were applied to thin 
layer plates and developed in the organic phase of ethyl acetate ; 
formic acid : water (60:5:35 v/v).
Following chromatography the radioactive components were 
detected by apposition chromatography on X-ray film.
4.2.7 Urea production
Five days after initiation of the culture, the cells received 
fresh growth medium, samples of which were removed after 20, 36,
44 and 60 hours incubation and assayed for urea by the Technicon 
Auto-Analyser method NC-1. The method used involved the measurement 
of the coloured product which arises when urea is heated with 
diacetyl monoxime.
Medium incubated in the absence of cells was used as a control.
.8 Histochemical demonstration of glucose-6 -phosphatase activity
Glucose-6-phosphatase activity was demonstrated in unfixed 
cells using the method of Wachstein and Meisel as cited by Pearse 
(1972). The hepatocytes were post-fixed in buffered formalin 
and mounted.
Drug metabolism as an indication of pharmacological activity
Metabolism of nicotine, Z"^H_7benzo(°*)pyrene,
Z“14C_7 dimethylbenzanthracene and Z~ H^_7 aniline.
Ten days after their initial isolation; cells cultured in 
polycarbonate bottles received fresh medium containing 0.2 ;uCi/ml 
of one of the above radioactive compounds. After a further 24 hours 
incubation the growth medium and cells were assayed for the test 
compound and its metabolites by the extraction techniques and 
chromatography system of Hansson and Schmiterlow (1965) for nicotine, 
Grover and Sims (1972) and Keys,ell et al (1973) for benzo pyrene 
and 7.12 dimethylbenzanthracene, and Gang et al (1972) for aniline.
The radioactive components on the thin layer plates were ‘ 
detected by apposition autoradiography on X-ray film. In the 
examination of nicotine metabolism, zones of radioactivity were 
excised and ground to a fine powder. Each powdered sample was 
thoroughly mixed with water and Triton X-100 based scintillator and 
the radioactivity measured using a Philips Liquid Scintillation 
Analyser with automatic external standard ratio quench correction.
f
Measurement of aniline hydroxylase activity
Cells after three days in culture were incubated with (ring 
G-^H) aniline at a concentration of 0.5 /iCi/ml; after incubation
periods of 2, 6 , 12, 24 and 32 hours, samples of growth medium were 
removed and alkalinised with 2 ml sodium hydroxide (2 N) to which 
70 mg of Na2S0 3 was added to prevent auto-oxidation of the para- 
aminophenol. The unreacted aniline was extracted three times with 
20 ml of n-butyl acetate. The residue which contained the reaction 
product p-aminophenol was counted in a liquid scintillation counter 
(Gang 1972).
5.3 Measurement of Aryl hydrocarbon hydroxylase
The formation of the water soluble phenols and dihydrodiols 
from benzo(e£)pyrene was investigated as follows. Three days after 
the initiation of the culture fresh growth medium containing £~G~^ hJ7  
benzo(<=^)pyrene was added to the cells. At various time intervals 
1 ml of growth medium was removed from the incubation vessel and 
added to 3 ml of hexane. The mixture was shaken gently at 37°C for 
10 minutes, then thoroughly mixed on a vibrating shaker ("Whirlimix") 
before being transferred to a centrifuge tube. After centrifugation 
at 400 xg for 10 minutes the upper layer was removed and 1 ml of it 
shaken with 3 ml 1.0M sodium hydroxide. After the mixture was left 
to separate, most of the lower sodium hydroxide phase which 
contained the water-soluble phenols and dihydrodiols were transferred 
to another tube; from this a 0:25 ml sample was taken for measurement 
of radioactivity in a liquid scintillation counter (Nebert and 
Gelboin 1968; and Hayakeiwa and Undenfriend 1973).
5.4 Comparison of the metabolism of Z~G~^H_7 benzo pyrene by freshly 
isolated hepatocytes and those which had been in culture for 3 and
f
1 0 days.
Freshly isolated hepatocytes, and cells which had been in culture 
for three and ten days received fresh growth medium containing radio­
active benzo {=*9 pyrene. After a further 4 hours incubation the 
growth medium and cells were assayed for the test compound and 
metabolites as described above in 5.1, or the cell and growth medium 
mixture was adjusted to pH 4.5 with 0-.2M acetate buffer (pH 4.5) 
and then incubated overnight at 37°C with ^-glucuronidase (Sigma, 
London) prior to being assayed as described.
To compare differences in metabolism the zones of radioactivity, 
each one representing one or more metabolites were excised, ground 
to a fine powder and counted in a scintillation counter (5.1).
5.5 Measurement of ethylmorphine N-demethylase activity
Ethyl morphine is metabolised in vitro to the N-demethylated 
derivative, the methyl group being lost as formaldehyde which may 
be measured by the Nash reaction (Nash 1953).
Suspensions of freshly isolated hepatocytes were placed in ten 
separate polycarbonate bottles. Twelve hours later when the cells 
were attached, the culture medium was removed and the bottles 
randomly separated into five treatment groups. The cultures were 
then treated as shown in Table 2.1.
Table 2 .1
Group Treatment
1 Phenol red-free culture medium and phenobarbitone BP (1. mM)
2 Phenol red-free culture medium and SKF 525A (10 ;uM)
3 Phenol red-free culture medium and ©£- naphthoflavone 
(50 AIM + 25 ,UM)
4 Phenol red-free culture medium containing solvent'used for 
dissolving test compounds
5 Hepatocytes boiled for 30 minutes and growth medium added
Forty eight hours after the initiation of the culture ethyl- 
morphine was added to the culture medium of all groups to give a 
final concentration of 0.1 mM. At selected time intervals of up 
to 24 hours the growth medium was removed and assayed for formalde­
hyde content. All groups were then washed with PBS 'A' and received 
fresh growth medium.
On day seven, after the initiation of the cultures, the groups 
were once again treated as in Table 2.1. Two days later ethylmor- 
phine was added at the same concentration as before and formaldehyde 
was measured.
The assay involved the addition of 1 ml of 15% (w/v) ZnS0 4  to 
1 ml of growth medium followed after 2 minutes by 2 ml of saturated 
Ba(0H)2 - The specimens were centrifuged at 3000 r.p.m. for 10 
minutes and to 2 ml of the supernatant was added 2 ml Nash teagent 
(150 g ammonium acetate, 2 ml acetyl acetone, 3 ml glacial acetic 
acid made up to 500 ml with distilled water). The samples were 
incubated at 60°C for 30 minutes and after cooling the contents of 
the tubes were read at 415 nm.
5.6 Measurement of aminopyrine N-demethylase activity
The analysis of the displaced methyl group test as formaldehyde 
was bv the Nash reaction (Nash 1953); the 4-amino antipyrine 
produced was diazotized and coupled with o«^-naphthol, and the resulting 
dye extracted with isoamyl alcohol and read on a colorimeter at 
540 n*u (Owens et al 1975) .
f
Fresh cultures were once again separated into five groups and 
the procedure described in 5.4 repeated except that at 48 hours and
9 days, aminopyrine was added to the growth medium of all groups 
to give a final concentration of 1 mM (in place of ethyl morphine). 
Formaldehyde was measured as described above in 5.4 and 4-amino- 
antipyrine was measured as follows:
To 1 ml of growth medium, 5 ml of 10% trichloroacetic acid 
was added and the precipitate was removed by centrifugation 
at 3000 r.p.m for 10 minutes. To 5 ml of the supernatant 
was added 1 ml of 2% sodium nitrite and the mixture cooled 
for 1 0 minutes; 1 ml o'f 1% ammonium sulfamate was added and 
the samples were mixed and shaken then left for 5 minutes;
0.2 ml of a 5% ethanol solution of resublimed odnaphthol and
2.0 ml of 4N NaOH were added and the mixture left to stand 
for 10 minutes. The addition of 1 ml of concentrated HC1 and
3.0 ml of isoamyl alcohol was followed by vigorous shaking 
and centrifugation'at 3000 r.p.m. for 10 minutes. The isoamyl 
alcohol layer was removed and read in a colorimeter at 540 nyi.
5.7 Measurement of Biphenyl hydroxylation
Biphenyl hydroxylation activity was measured using published 
methods (Creaven et al 1965).
The five treatment cfroups were set up as in 5.4. Biphenyl to 
give a concentration of Oil mM was added to all cultures on day, 2 
and day 9, and the products of hydroxylation were extracted from 
the growth medium with 1 0  ml of distilled n-heptane, shaken mechan­
ically and centrifuged at 2000 r.p.m. for 10 minutes. Two ml of
t
the heptane layer was then shaken with 10 ml of 0.1N NaOH (made up 
in glass distilled water) and the mixture centrifuged at 2 0 0 0  r.p.m
for 10 minutes. After centrifugation, 2 ml of the ‘TSaOH layer was 
pipetted into a cuvette and brought to pH 5.5 with 0-.-5 ml of 0.5N 
succinic acid. Fluorescence intensity was then determined at two 
wavelengths, (a) at 338 mp and Dcexc 275, and (b) at 415 mp with 
^ sjsxc 295 mp in an Aminco-Bowman spectrophotofluorimeter.
5.8 Measurement of 7-ethoxycoumarin o-de-ethylase
Freshly isolated' hepatocytes and cells which had been maintained 
in culture on polycarbonate and in plastic tissue culture flasks 
for three and ten days were incubated in 1 0  ml of growth medium 
containing 7-ethoxycoumarin at a concentration of 2 pg/ml. After 
a 4 hour incubation, the growth medium was removed and the number 
of viable hepatocytes were counted. The cells and growth medium 
(containing the 7-ethoxycoumarin and metabolites) were mixed and 
shaken with 5 ml of diethyl ether containing 1.5% isoamyl alcohol 
for 10 minutes. The specimens were centrifuged at 3000 r.p.m. for 
1 0 minutes and 1 ml of the upper ether/amyl alcohol layer was added 
to 5 ml of glycine/NaOH buffer (pH 10.4, 0.2m). Fluorescence 
intensity of the glycine/NaOH layer was determined at ]Xexc 370 and 
450 mp using an Aminco-Bowman spectrofluorimeter.
To measure the conjugation products the original cell and 
growth medium mixture was adjusted to pH 4.5 with 0.2N acetate 
buffer (pH 4.5) and incubated overnight at 37°C with a 'pinch1 of 
p-glucuronidase. The mixture was then treated as described above,
i.e. mixed with 5 ml of ether etc.
A standard curve was plotted by preparing 7-hydroxycoumarin at 
concentrations of 10, 7.5, 5, 2.5 and 1 pg in 10 ml of culture 
medium and then following the extraction procedure described,
Activation of cyclophosphamide by cultured hepatocytes
Twenty four hours after the initiation of the hepatocyte 
culture the cells received 1 0 ml fresh culture medium containing 
various concentrations of cyclophosphamide and 1 ml of a suspension 
of mouse lymphoma cells (L 5178Y) containing 5 x 10^ cells/ml, the 
mixed cultures were then incubated for a further 24 hours. The 
lymphoma cells in the culture medium were recovered by centrifugation 
counted and their viability assessed by the trypan blue dye exclusion 
test.
For studies of direct toxicity lymphoma cells were incubated 
for 24 hours in the presence of various concentrations of cyclo­
phosphamide, after which time they were counted and percentage 
viability assessed.
Some uses of cultured cells in pharmacological studies
Morphological damage caused by toxic agents
a) Light Microscopy
After cells had been grown on glass coverslips and plastic 
bottles for 24 hours; the growth medium was then replaced with 
fresh medium containing various concentrations of dimethyl- 
nitrosamine. The cultures were incubated for a further 24 hours 
and then fixed in acetic acid-methanol and stained in haema- 
toxylin eosin (3.1.1).
i
b) Electron microscopy
t
Cultures which had been grown for 3 days in polycarbonate bottles 
were treated with a range of concentrations of benzo (pQ pyrene or •
dimethylnitrosamine and incubated for 24 hours-. The cultures 
were then processed for electron microscopy (3.2).
6.2 Enzyme leakage as a model for demonstration of drug hepatotoxicity 
The experiments were conducted after the cells had been main­
tained in culture for three days in polycarbonate bottles. The 
old growth medium was removed and replaced with fresh medium 
containing dimethylnitrosamine at different concentrations. At 
various time intervals over a sixty hour period samples of medium 
were removed and assayed for alkaline phosphatase, glutamic 
oxaloacetic acid transaminase, glutamic pyruvate transaminase and 
leucine amino peptidase activities.
In a similar experiment, with allyl alcohol as the toxic agent, 
the growth medium was assayed for activity of glutamic oxaloacetic 
acid transaminase, glutamic pyruvate transaminase and ^ -glutamyl 
transpeptidase. The assay methods used were as follows:
a) Urea: See 4.2.7
b) Alkaline phosphatase: was estimated in the medium using
the Technicon autoanalyser method. In the presence of 
phenol, produced by the action of the phosphatase on 
disodium phenyl phosphate, 4-amino-antipyrine gave a 
purple colour, which was measured using a colorimeter at 
520 mp.
i
c) Glutamic oxaloacetic acid transaminase (GOT): was measured
' '  " "  ' " ' "" r
with an LKB 8600 Reaction Rate Analyser using a Diained 
Test Kit (J.T.Baker Chemicals Ltd., Holland). The principle
of the method was based on the ability of GOT to catalyse the 
equilibrium reaction:
<*~ketoglutaric acid + aspartic acidi^Tgiutamic acid toxaloacetic acid
The oxaloacetic acid formed was converted into malic acid in the 
presence of reduced 33-nicotinamide adenine dinucleotide O  NADH2 ). 
The decrease in NADH2 calculated from the decrease in absorbance 
at 340 nm was determinative'for the GOT activity of ;the sample.
MDH
oxaloacetic acid + NADH2 malic acid + NAD
d) Glutamic pyruvate transaminase (GPT): was measured in the medium 
with an LKB 8600 Reaction Rate Analyser using a Diamed Test Kit 
(J.T.Baker Chemicals Ltd., Holland) based on the principle 
developed by Karmen (1955). The method is based on the ability 
of GPT to catalyse the equilibrium reaction.
GPT
oC--ketoglutaric acid + alanine glutamic acid + pyruvic acid ,
The pyruvic acid formed was in turn converted into lactic acid 
in the presence of reduced ^-nicotinamide adenine dinucleotide 
Q3 NADH2 ). The decrease of NADH2 , calculated from the decrease 
in absorbance at 340 nm was determinative for the GPT activity 
of the sample:
LDH
pyruvic acid + NADH2 lactic acid + NAD
e) Leucine amino peptidase (LAP): the enzyme activity was
determined in the medium using a commercial test combination
(
kit (Boehringer Mannheim) . The principle of the method was 
based on the production of yellow p-nitroaniline by the action 
of LAP as leucine-p-nitranilide. The intensity of the yellow
p-nitraniline was- found to be proportional to LAP activity.
f) 2r-Glutamyl transpeptjdase • (JfGT) ; the acitvity of the
2T-glutamyl transpeptidase in the medium was determined using 
a commercial test combination k±t (Boehringer Mannheim). JfGT 
transfer the glutamyl residue from Jr-glutamyl p-nitroanilide 
to glycylglycine, the amount of yellow p-nitraniline liberated 
was proportional to the JfGT activity and was measured in a 
colorimeter at 405 nm.
6.3 Measurement of Protein synthesis as an index of cellular damage 
following exposure to dimethyInitrosamine.
Two days after the initiation of the culture, cells growing on 
glass coverslips and plastic bottles received fresh growth medium 
containing various concentrations of dimethylnitrosamine and 
L- Z~4,5-3h _7 leucine at a concentration of 5 /iCi/ml. The procedure 
described in 4.1.2 was followed. '
6.4 Enzyme histochemical study of Toxin effects on liver cells.
After 2 days in culture the cells growing on glass coverslips 
received fresh growth medium containing various concentrations of 
allyl alcohol or dimethylnitrosamine. During a further 48 hours 
incubation period, samples were removed for histochemical examination 
of non-specific esterase (4.1.4) and diaphorase (4.1.4). A Vickers 
M85 Scanning Microdensitometer was used for quantification in this 
study. The value obtained for the integrated density reading of the 
area of cells being examined was used as a direct measurement of 
enzyme activity. Ten separate areas of each specimen were examined.
6.5 Use of cultured hepatocytes for estimation of DNA repair
Twenty four hours after the initiation of the culture, the 
cells were treated in one of the following ways:
a) the cells received fresh growth medium containing one of a
number of known carcinogens including benzo/iS^pyrene, diemthyl-
:.v: nitrosamine and aflatoxin . They were cultured for a
further 24 hours in the presence of the carcinogen and then 
washed in PBS 'A* and incubated for a further 8 hours in 
fresh growth medium containing methylJ7 thymidine at a 
concentration of 5 pCi/ml. They were finally processed 
either for autoradiography or for scintillation counting 
(4.1.2). A control group underwent similar treatment but 
received only the solvent the carcinogens were dissolved in.
b) the cells received fresh growth medium containing one of a
number of known carcinogens and Z~^Hmethyl_7 thymidine and were
cultured for a further 4, 24 or 48 hours. They were then 
fixed in methanol acetic acid (5.1). stained by the Feulgen 
method (3.1.6) and processed for autoradiography (4.1.2). 
Control groups underwent similar treatment, but received only 
the solvent the carcinogens were dissolved in.
6 . 6 Use of cultured hepatocytes in the Ames metabolic activation test to 
assess potential mutagens.
Twenty four hours after the initiation of the culture the cells
received fresh growth medium (antibiotic free)containing one of a■  ■ — (
number of known carcinogens including benzo^L^pyrene, dimethyl­
nitrosamine; the negative controls received only the solvents used 
to dissolve the carcinogens, i.e. DMSO. After 2 hours incubation
each culture vessel received 0 . 1  ml of one of the standardised 
bacterial suspensions, i.e. TA 1537, TA 1538, and TA 1535, the 
cultures were then incubated for a further 4 hours. The bacteria 
in the growth medium were recovered by centrifugation and washed 
several times by centrifugation with sterile physiological saline 
to remove all medium containing histidine; 0 . 2 ml aliquots of 
washed bacterial suspension were mixed with 2 . 0 ml volumes of 
histidine deficient agar, melted and cooled to 45°C. This was 
then overlayed into previously prepared plates containing 15 ml 
of minimal agar.
The plates were incubated at 37°C for 48 hours and the number 
of revertant bacterial colonies on each plate was counted.
This procedure was repeated for each separate culture. A 
further set of plates were prepared without the tester strain to 
ensure that extraneous contamination had not occurred during the 
preparation of the materials and test plates.
Finally, serial ten-fold dilutions of the standardised bacterial 
suspensions were prepared and 0..2 ml aliquots of each dilution 
were mixed with 1 . 8 ml volume of agar and overlayed into minimal 
agar plates. The 10“^ to 10“^ dilutions were mixed with histidine 
deficient agar to check spontaneous mutation rate and the 1 0 “ 5 
dilutions were mixed with histidine rich agar to confirm the 
viability of the prepared suspensions.
6.7 Use of cultured hepatocytes in the in vitro DNA damage/alkaline 
elution assay (Swenberg et al 1976).
Mouse lymphoma cells (line L5178Y, Fischer 1958) cells were
cultured in Fischers medium supplemented with. 10% horse serum,
2 mM L-glutamine and 20 mM HEPES buffer. The DNA of the cells were 
labelled by adding thymidine, 1 ;uCi/ml, to the medium. The
radioactive medium was removed after a 24 hour incubation and the 
cells were incubated for a further 8 hours in non-radioactive 
medium. They were then thoroughly washed and treated in one of 
three ways:
1 . incubated in fresh culture medium containing various concen­
trations of N-methyl-N-nitro-N-nitrosoguanidine (MNNG) - 
positive control.
2 . incubated in fresh culture medium containing various concen­
trations of 2-acetylaminofluorene (2-AAF) - negative control.
3. co^incubated with a 24 hour old monolayer culture of rabbit
hepatocytes in culture medium containing various concentrations 
of 2-AAF.
After a 4 hour incubation at 37°C the lymphoma cells were 
removed, washed in PBS and processed as follows: Suspension of
cells in phosphate buffered saline (PBS) containing 1 x 10^ cells 
were pulled onto a single polyvinyl filter (held in a Millipore 
syringe filter holder) using a peristaltic pump (2.0 ml/min) . An 
additional 2.0 ml of PBS and 6.0 ml of lysing solution containing 
2MNa£l;f, 0.02M EDTA and 0.2% Triton X-100, pH 8.2, was pulled 
through the filter. Lysing solution was rinsed from the filters 
with 5.0 ml of 1 mM EDTA, pH 7.8, and single stranded DNA was then
f
eluted from the filter by pulling 13.5 ml of 0.02M TEAH, 0.02M EDTA 
pH 12.2, through the filter CO.5 ml/min). Radioactivity in the
last 15,0 ml of the eluate and that remaining on the filter was 
measured by a Philips Liquid Scintillation Analyser with automatic 
external standard channel ratio' quench correction.
CHAPTER 3 VALIDATION OF HEPATIC PROPERTIES
Viability and Morphology of Cultured Hepatocytes
Isolation of hepatocytes
A number of systems were investigated with regard to the 
viability of the isolated cells. The results of the study are shown 
in Table 3.1.
Cell suspensions prepared either by stirring the minced liver,' 
obtained from rhesus monkey, in dissociation medium containing trypsin 
or by the use of a disaggregating column contained very few viable 
hepatocytes, and were contaminated with large numbers of isolated 
nuclei and cellular debris showing that these two 'mechanical' 
methods were too harsh and had begun to destroy the newly-isolated 
cells.
Perfusion of the liver with medium containing trypsin proved 
singularly unsuccessful as very few cells were released and almost 
100% of these were dead (Table 3.1) as shown by the trypan blue 
dye exclusion test.
The only system to yield reasonable numbers of viable hepato­
cytes was that of dissociation by collagenase/hyaluronidase as 
adapted from the technique of Howard and Pesch (1968) but including 
a long continuous perfusion. At the end of this the consistency of 
the liver was greatly altered; because of the digestion of the 
connective tissue, the liver parenchyma was transformed into a 
paste contained by the Glissons capsule. Further dissociation by 
mechanical means appeared essential . to obtaining unicellular 
suspensions and a short final incubation of the cell suspension in
a shaking water bath or the use of a magnetic stirring bar resulted 
in the production of discrete hepatocytes. Treatment of the liver 
by this technique produced 2 0 0 ml of a cell suspension, each ml 
containing approximately 6 x 10^ viable cells. The dissociated 
cells seemed fairly resilient as the use of the magnetic stirrer 
for the final isolation appeared to have little effect on viability; 
however, since any type of harsh treatment of cells is ill advised, 
the shaking water bath was preferentially employed to keep the 
fragments of dissociated liver in motion.
The cells isolated by this modified technique were almost all 
impermeable to trypan blue, and possessed highly refractile cell 
membranes. The preparations were almost free of erythrocytes; 
most of these were removed during the initial perfusion, and the 
subsequent washings after the isolation removed most of the 
remaining contaminating cells.
Because of the clear superiority of this technique over the 
other procedures tested, it was used for all further studies on 
cultured hepatocytes.
Morphological Studies of Isolated Hepatocytes
The pattern of in vitro growth was similar whether the cells 
were isolated from a monkey or a rabbit.
Inoculated cells from a suspension of hepatocytes adhered to 
the glass and plastic surfaces in a few hours, and after approximately 
four hours the medium could be decanted and the cells washed with 
sterile PBS 'A'. The cells in the polycarbonate bottles took longer 
to adhere strongly and any washing of the cells before eight hours 
incubation resulted in the removal of the cells from the surface.
However, after this time the cell.s became very firmly adherent and 
only a 0.5% trypsin solution left in contact with the cells for 
over 30 minutes would strip the cells from the substratum.
The plating efficiency, i.e. the percentage of inoculated 
viable cells that remained viable and adherent to the surface 
twelve hours after inoculation, varied considerably but lay in the 
range . 15 rr 25%.
The morphology of the cells depended on the method of 
cultivation. In stationary cultures those cells which were capable 
of mutual adhesion began to cluster so that aggregates of cells 
were seen on the floor of the vessel. After 24 hours the aggregates 
formed foci consisting of 4 - 1 0  cells (Plate 3.1).
In the rotary cultures the cells were concentrated and brought 
into contact by continuous slow speed rotation. This spinning 
flow of the liquid assured a high frequency of random collisions 
without forceful packing and thus large aggregates of cells were 
formed. The speed of rotation being only 12 revs/hour did not 
cause frothing of the medium or excessive cell damage. The external 
features of the aggregates was usually stabilized after 24 hours 
in that no- further major changes in cell number, size or distri­
bution occurred thereafter. However, the cells were not arranged 
in a histologically identifiable grouping such as that described 
by Sandstrom (1966) although some identifiable tissue structure 
was shown.
f
In general/ the cells aggregating in the roller cultures were 
spherical and on light microscopy showed no long processes; small
microvilli were however seen at the electron microscope levels.
The cells growing in stationary culture usually flattened out and 
became polygonal.
2.1 Light microscopy
Five separate cell types could be distinguished, the occurrence 
and abundance of each depending upon the method of incubation used 
and the age of the culture. There was no essential difference 
between monkey liver and rabbit liver cultures.
The cell types have been named:
1 ) ! hepatocytes
2 ) epithelial cells
3) fibroblast
4) macrophage
5) giant cell.
The rationale for naming the cell types thus i&v-given. .below, .using 
the following criteria for identification:
a) nuclear shape and size
b) size and shape of cell
c) nuclear-cytoplasmic ratio
d) presence or absence of nucleolus and, when
present, its density and staining reaction.
Table 3.2 Morphology and Staining Reactions of Cell types seen 
in the Hepatocyte Cultures (Plates 3.2 - 3.6)
Staining Reaction
J
1
Cell Type Morphology Perl1 s stain 
for
Ferric Iron
Schmorl's 
test for 
Lipofuscin
Fouchet1s 
test for 
Bile Salts
PAS stain 
for
Glycogen
Hepatocyte Cell more or less poly­
gonal with no particular 
axis (this excludes 
mesothelial and granu­
locytes) free from 
slender processes. 
Cytoplasm eosinophilic 
nucleus round or ovoid, 
with prominent nucleolus 
or nucleoli. A number 
of cells binucleate.
Positive 
showing as 
fine
granular
staining
Negative Negative Positive,
staining
intensity
varied
from
cell to
cell
Epithelial
cell
Cell usually polygonal . 
in shape, with the 
margins of adjacent 
cells continuously 
apposed. Fine granular 
weakly stained cytoplasm, 
round to ovoid nucleus 
with nucleoli. Ill- 
defined in character but 
dissimilar from true 
hepatocytes, fibroblasts, 
granulocytes and other 
cell types seen. They 
do not appear to be 
phagocytic so are 
probably not macrophages.
Positive Negative Negative Negative
Fibroblast Cells vary in size, 
usually spindle-shaped 
stellate with a large 
ovoid nucleus contain­
ing two or more nucleoli.
Positive Negative Negative Negative
There are also present 
cells distinguishable 
from 'true' fibroblasts 
by their small size and 
marked spindle shape, 
high nuclear cytoplasmic 
ratio. Ovoid nucleus • 1  
with prominent nucleolus; 
by general appearance 
resemble endothelial or 
mesothelial cells
Positive Positive Negative
t
Negative
continued/
Table 3.2, (continued)
r1 -- - ----
Staining Reaction
Cell type Morphology Perl's stain 
for
Ferric Iron
Schmorl's 
test: for 
Lipofuscin
Fouchet's 
test for 
Bile Salts
PAS stain 
for
Glycogen
Macrophage
1
Cells vary in size and 
shape but usually the 
cytoplasm extended into 
several short, blunt 
proj ections. The 
nucleus is eccentri­
cally placed in the 
cytoplasm, which 
contains a central pale- 
staining zone.
Positive Negative Negative Negative
Giant
cells
i>
Because of large central 
area with large nucleus 
or chromatin material 
surrounded by peripheral 
layer of small single 
nuclei, thought to be 
formed by fusion of 
fibroblasts or macro­
phages or by failure of 
cytoplasmic division 
following nuclear 
division, may represent 
degeneration change. 
Possible aetiology 
unknown since other cell 
cultures do not tend to 
form this type of cell 
and it appears to be a 
novel observation 'in 
tissue culture of liver.
Positive Positive Negative Negative
After 24 hours in static culture, scattered colonies of one 
to ten cells with nuclear and cytoplasmic characteristics of 
hepatocytes were observed in the specimen, a proportion of the 
cells being binucleate. A small number of hepatocytes had golden 
brown granules in the cytoplasm; the nuclei of most of these gran-', 
ular cells were pyknotic or frankly degenerate. There were a few 
groups of cells with sparse cytoplasm with ovoid nuclei; the cells 
appeared to be fibroblasts or 'modified' fibroblasts. The cultures 
as a whole contained few degenerative cells.
After two days the hepatocyte colonies became enlarged as 
the cells became more flattened out; a few hepatocytes contained 
golden brown granules. Small aggregates of 'modified' fibroblasts, 
with ovoid nuclei and sparse cytoplasm, were sometimes associated 
with the hepatocytes.
Moderately dense colonies of hepatocytes were observed after 
three days in culture; a small number of these cells contained 
eosinophilic granules. The cells were closely associated, but no 
evidence of mitoses was observed. Most of the cells were hepato­
cytes, only a few being degenerate (Plate 3.7). A few small 
colonies of modified fibroblasts were seen.
By day four there were populations of hepatocytes and foci of 
epithelial cells closely apposed to one another. Fibroblasts were 
present as small groups infiltrating between colonies of hepatocytes 
and as single cells together with modified fibroblasts at the 
periphery of the cultures. r
At day five and six the colonies of hepatocytes and epithelial 
cells were still well developed, but accumulation of strongly
eosinophilic material was seen in an increasing number of 
hepatocytes (Plate 3.8).
After seven and eight days sparse groups of hepatocytes were 
present; many appeared to be degenerative and contained eosino­
philic granules. The spaces between the hepatocytes and 
epithelial colonies were filled with fibroblasts which had become 
the predominant feature of the culture (Plate 3.9).
By contrast with the above observations in static cultures, 
examination of the cells maintained in rotary culture after seven 
days incubation showed a population of mainly hepatocyte colonies 
with only an occasional fibroblast. A number of the cells 
contained eosinophilic material and detritus but were apparently 
viable with normal nuclei. Some multinucleated giant cells and 
macrophages were observed at the margin of the culture (Plate 3.10).
After ten days in the rotary cultures well defined colonies 
of hepatocytes could be seen, with fibroblasts and modified 
fibroblasts at the periphery.
As the hepatocytes appeared to live longer, with less fibro­
blastic contamination, when cultured in rotating polycarbonate 
bottles, it was decided to use the cells grown in this way for 
the ultrastructural studies.
2.2 Enzyme Histochemistry
2.2.1 Non-specific esterase '
A diffuse, finely granular staining pattern was seen in some 
cells while more coarse granules were seen in others (Plate 3.11).
All cells showed enzyme activity although the intensity of 
activity varied from cell to cell. In most cases the nuclei did 
not reveal a positive staining reaction for esterase.
Diaphorase
The hepatocytes were shown histochemically to have a high 
diaphorase activity. The dye used as an indicator of enzyme 
activity was deposited in fine granules as well as being diffusely 
spread throughout the cytoplasm (Plate 3.12). A distinctly stronger 
reaction was seen in some hepatocytes as compared to others. No 
enzyme activity was seen in the nuclei of the cells.
Glycogen storage
Glycogen storage was detected histochemically in the cultured 
hepatocytes although the extent of storage varied from cell to cell, 
the 'epithelial' cells showed some activity whilst no glycogen was 
demonstrated in the other cell cypes.
Glucos e-6-phosphatas e
The liver specific enzyme, glucose-6-phosphatase, was detected 
in the hepatocytes using an enzyme histochemical method although 
the nature of the method did not permit estimation of the amount 
of enzyme present. The other cell types did not possess 
histochemically-detectable glucose-6-phosphatase activity.
Ultrastructural features of hepatocytes in culture t
The ultrastructure of monkey and rabbit hepatocytes incubated 
for 5 - 7  days in culture will be described in greatest detail, as 
after this time cellular degeneration began. However, the
significant findings in rabbit hepatocytes from cultures up to 
10 days old will be indicated. The cells of non-parenchymal 
origin observed in the cultures are also described.
The hepatocytes from both monkey and rabbit maintained for 
up to 5 days culture, showed a structure very similar to that of 
hepatic cells in vivo. The cultures consisting of a mixture of 
single nucleated and binucleated hepatocytes (Plate 3.13).
In general the nuclei of the cultured hepatocytes were prom­
inent, oval and vesicular, and were limited by a double membrane, 
the external and internal walls of which were separated by a space 
(Plate 3.14). They contained inclusion bodies as well as one or o 
more nucleoli.
The cytoplasm of the cells contained a number of organelles 
(Plate 3.15): mitochondria, smooth endoplasmic reticulum, rough
endoplasmic reticulum and Golgi complex; there were also accumu­
lations of glycogen and lipids.
In general the mitochondria were: normal with respect to 
membrane integrity and size and form of cristae„in some cells 
however, the mitochondrial cristae were not prominent.
Well developed lamellar profiles of rough endoplasmic reticulum 
were found in the cultured hepatocytes, associated with the 
mitochondria and nucleus (Plate 3.15). Stacking of the rough 
endoplasmic reticulum diminished with the increasing age of the 
culture, and it became somewhat dilated and vesiculated in older 
cultures.
Smooth endoplasmic reticulum was visible in most of the 
hepatocytes and appeared well preserved. Occasionally, after 24 
hours in culture, minimal hyperplasia of the SEE could be seen 
(Plate 3.16), but this was not a general phenomenon.
Glycogen was present in the cytoplasm of all the cells, but 
varied in amounts. Lipid droplets of variable size were also 
common.
The plasma membrane of the hepatocytes was variable in 
appearance being either smooth or lined with microvilli (Plate 
3.17). This picture is also seen in vivo; the differences in 
the plasma membrane depending upon what borders the surface of the 
cell, the sides next to blood vessels and along the bile 
capillaries being lined with microvilli. In vitro it appears that 
the 'free1 surface of the cells, i.e., those not in contact with 
other cells are also lined with microvilli, while the membrane 
of a hepatocyte bordering another hepatic cell mambrane was more 
or less straight and smooth. Bile canaliculi-spaces were sometimes 
seen between adjacent hepatocytes (Plates 3.15; 3.18; 3.19); 
spaces between cells not lined by microvilli were probably artefacts 
caused by shrinkage of specimens during processing.
Localised areas of cytopathic change observed with light 
microscopy in the culture after 7:.days*were seen also in cultures 
examined by electron microscopy. The first sign of degeneration 
was a dense accumulation of granules in the cytoplasm, which later
t
took on a honeycombed appearance. The nucleus did not appear to 
be greatly affected until the final stages of the process.
Eventually the cell disintegrated, releasing small granular 
inclusions into the culture.
In older cultures, in which the hepatocytes were beginning 
to degenerate, other cell types with features that suggested 
a mesenchymal origin were observed. Some of these were elongated, 
irregularly-shaped cells with elongated nucleit their cytoplasm 
contained, in addition to mitochondria and lysosomes a dilated 
rough endoplasmic reticulum and some tropocollagen fibrils 
(Plate'3.20). Tropocollagen fibres were also seen lying between 
the cells.
Another cell type commonly seen in these cultures was the 
macrophage, which contained much phagocytosed cell debris (Plate 
3.21). The other cells observed in the culture grew in unicellular 
layers and were probably epithelial in character. They had large 
round or oval nuclei containing a large nucleolus; mitochondria 
and rough endoplasmic reticulum were present in the cytoplasm 
(Plate 3.22).
3. Discussion of results
3.1 Conditions important for the initiation of adult mammalian
hepatocytes in culture.
In order to successfully initiate hepatocyte cultures it is 
necessary to acquire a relatively large population of well preserved 
cells. To achieve this it has been reported that isolation of 
adult rat liver parenchymal cells by the enzymatic perfusion 
technique leads to high yields of morphologically well-preserved
t
and functionally active hepatocytes (Berry et al 1969; Drochmans 
et al 1975). Howard et al (1973) reported,however,that when
using this technique to isolate hepatocytes it is necessary for 
rigorous control during perfusion of parameters such as pH, P02/ 
temperature, osmotic pressure and time of exposure to enzymes used 
at the adequate final concentration. Unfortunately, in order to 
satisfy these requirements, specialised and costly apparatus often 
requiring two persons for the operation is needed (Drochmans, 1975), 
These factors have limited the use of the perfusion technique to a 
few specialised laboratories. In the study described here it was 
found that these elaborate procedures were not altogether necessary 
as continuous recirculation perfusion of monkey, rabbit and pig 
liver with phosphate buffered saline (pH 7.2) containing collagenase/ 
hyaluronidase (0-05%/0.1%) using equipment found in most laboratories 
i.e. condenser, non-toxic plastic tubing, buchner funnel,water bath, 
blood administration set and peristaltic pimp led to the dissocia­
tion of the organ into a mixture of isolated cells and cell cords. 
Subsequent gentle shaking of the suspensions of cell trabeculae 
for a short period in perfusion medium at 37°C improved the 
dissociation of the remaining cell cords and also reproducibility 
of results because factors such as time of incubation, speed of 
shaking and temperature were all controlled. The yields and 
viability of the isolated hepatocytes varied from animal to animal, 
and although the cell yields compared favourably with other perfusion 
methods the viability of the cells was lower than the values of 
95 - 98% as reported by Berry et al (1969), Berry (1974) and 
Drochmans et al (1975). Nevertheless, the simpler perfusion method 
described in Materials and Methods was perfectly adequate for
t
routinely providing large numbers of viable hepatocytes suitable 
for the initiation of cultures; and although the duration of
enzymic treatment obviously varied according to the size and 
species of origin of the organ i.e. pig liver, having a relatively 
high content of connective tissue took longer to dissociate than 
the ’softer' rabbit and monkey liver; the technique would appear 
suitable for the isolation of hepatocytes from livers having either 
a high or a low connective tissue content. However, from the 
results obtained in this study it may be desirable, unless species 
considerations are paramount, to select a species with a low 
hepatic connective tissue content e.g. rat, as the pig liver 
cultures were rapidly (48 hours) overgrown by fibroblasts believed 
to have originated from the connective tissues.
There are probably multiple factors which affect cell adhesion 
and prolong their survival in culture and in this study the addition 
of calf serum to the culture medium, to give a final concentration 
of 10% v/v and the maintenance of pH by HEPES buffer, were found, 
not surprisingly, to be such factors. Another important element 
found necessary for cell adhesion and prolonging viability and 
differentiation of the hepatocytes was the density of the initial 
inoculum. Too low a concentration of cells such as 5 ml of cell 
suspension containing 1 x 10^ cells/ml plated into a 50 mm Nunclon 
petri dish resulted in poor attachment and cultures which were 
short lived surviving less than 24 hours. High concentrations 
resulted in multilayers which rapidly degenerated. For optimum 
attachment and survival the substratum probably requires to be 
covered with a single layer of contiguous cells. In practice it 
was difficult to assess the density of the suspension which would 
give this, but generally a cell distribution of 5 x 10^ viable
hepatocytes/ml gave good results. In roller cultures the cell 
density of the inoculum was not so critical as the rotation of the 
culture vessel brought cells into contact with one another; however, 
the vessels were similarly seeded with suspensions containing 
5 x 105 cells/ml.
As the cell/medium ratio would appear to be important for 
survival it is probable that isolated hepatocytes like other 
primary cultures are able to produce conditioning factors - here 
called 'attachment' and 'survival' factors - which enable them to 
attach to the culture vessel and survive in their new surroundings. 
With dense inocula sufficient 'factors' would be produced to allow 
cell survival, but in sparsely seeded cultures such 'factors' 
would be diluted out by the relatively large volume of culture 
medium. Leffert and Paul (1973) have also described a hepatocyte 
survival and attachment factor present in foetal bovine serum, 
but since Bissell et al (1973) cultured monolayers of non-prolifer­
ating adult rat hepatocytes in serum-free medium and the cultures 
in this study were initiated using post-natal calf serum it would 
seem possible that although factors are almost certainly present 
in foetal calf serum and could be present in post natal calf serum 
the cells themselves produce 'factors' important for survival.
(This is discussed in Chapter 6.).
It is thus possible that in order for hepatocytes to survive 
for any length of time in vitro it is necessary to have a high 
cell density per unit area of solid substrate to which they are
t
attached. However, under such conditions of culture, the cells 
would living in an environment with poor control of pH and gas
tension, be^  subject, to extremes of nutrient enrichment. This 
problem may be overcome by using rotary cultures or an automatic 
perfusion system such as described by Kruse et al (1963, 1969) 
who successfully cultured multiple-layered populations of WI 38 
human diploid, HEp-2 human carcinoma and WISH human amnion cells.
3.2 Cultures of cells liberated by collagenase/hyaluronidase digestion 
of monkey and rabbit liver.
Cultures of collagenase/hyaluronidase separated monkey and 
rabbit liver cells yielded 5 morphologically distinct cell types: 
hepatocytes, epithelial cells, fibroblasts, macrophages and giant 
cells. Morphologically, the cultured hepatocytes were ultra- 
structurally identical to in vivo hepatocytes. The epithelial 
cells although polygonal in shape did not possess the characteristic 
features of differentiated hepatocytes and as the ultrastructure 
studies failed to produce any evidence to suggest a direct morpho­
logical transition between differentiated hepatocytes and the 
simple liver epithelium its is not possible to speculate at to whether 
or not these cells were hepatocytes which had undergone simplification 
of structure, customarily termed dedifferentiation, were from a 
small in vivo population of culturally hardy hepatic stem cells 
suggested by Grisham (1975) or were, in fact, derived from bile 
duct epithelium. The fibroblasts and macrophages were believed to 
be of connective tissue and Kupffer cell origin respectively. The 
origin of the giant cells could not be established.
t
Under optimal conditions in both the static and rotary cultures 
the isolated hepatocytes adhered to untreated glass, Nunclon plastic 
(tissue culture grade) and polycarbonate, forming monolayer^ or
aggregates. Initially the differentiated hepatocytes were the 
predominant cell type, but as the culture aged the relative 
proportions of the cell types changed. The reasons for this was 
the declining viability of the hepatocytes and their apparent 
inability to divide, as no mitotic figures were observed in 
colchicine treated cultures or living cultures examined microscop­
ically daily. Other cell types did retain their mitotic capacity 
in vitro and thus began to overgrow the cultures. The predominant 
cell type in older cultures had the cytological characteristics of 
fibroblasts, although epithelial cells and macrophages also increased 
in number.
The ultrastructural studies of the cultured cells showed that 
the hepatocytes could be readily recognised as adult liver paren­
chymal cells. They possessed a nucleus with one or more prominent 
nucleoli, and the fact that the cells contained large numbers of 
mitochondria, glycogen, lipid and well developed rough and smooth 
endoplasmic reticulum correlated with the demonstrated ability of 
the cells to carry out a wide range of hepatic functions (see Chapter 
4). A number of hepatocytes maintained in culture showed cytoplasmic 
vacuolation which probably resulted from cell damage during the 
isolation procedure, most had however recovered from this minor 
damage and lost their vacuoles within 24 hours.
The ultrastructural observations also confirmed the light 
microscopy findings in that the hepatocytes in vitro retained a 
structure similar to that in in vivo for several days. After this 
time the hepatocytes degenerated and were replaced by other cell-: 
types none of which possessed a morphology characteristic of
differentiated hepatocytes. The culture medium used throughout 
these experiments was one.known to maintain a wide range of cell 
lines, and no study was made of the effect of modification of the 
medium on the survival of the hepatocytes, although this and other 
factors are undoubtedly important for the long term culture of these 
cells. However, developments in methods which may prolong the 
survival of fully differentiated adult mammalian hepatocytes are 
discussed in Chapter 6.
The demonstration of diaphorase and non-specific esterase 
activity showed the cells to retain general functional integrity 
while the presence of glycogen and glucose-6-phosphatase activity 
indicated that the cells in vitro retained a number of specific 
functions and activities of hepatocytes.
An important finding from these morphological investigations 
was the difference between the survival time of hepatocytes in 
static and rotary culture, which in turn affected the rate of 
growth of other cell types. After 5 days in static culture the 
hepatocytes began to degenerate which is in general agreement 
with observations of other investigators who also reported the 
degeneration of adult rat mammalian hepatocytes which had been 
maintained in monolayer culture for 3 - 5  days (Bissell et al 1973; 
Fry 1974 and Wanson et al 1977). in comparison the hepatocytes in 
aggregate cultures were at this time reasonably healthy and normal 
in appearance. There were considered to be three reasons why 
hepatocytes in monolayer cultures in this study, as well as those 
produced by other investigators, should degenerate more rapidly 
than hepatocytes in aggregates. Firstly, since spaces resembling 
bile canaliculi were observed in only the rotary cultures it is
possible that reaggregation of hepatocytes previously described 
in frog liver cells (Ansevin 1964) , chick liver cells (Sandstrom 
1966) and adult rat liver cells (Alwen 1974) had occurred and thus 
re-establishment of cell membrane typical of hepatocytes in vivo 
was possibly an important factor in cell survival. Secondly the 
closer association of the hepatocytes in aggregates compared to 
monolayers would allow for greater cellular organisation and 
interaction which have been reported as being essential for the 
retention of specialised function in vitro (Moscona et al 1969). 
Finally the large cell to medium ratio within the aggregates would 
allow for the conditioning of the culture medium in the micro­
environment between the cells, which is also important for cell 
survival in vitro. These and other factors which are possibly 
important for the maintenance and growth of fully differentiated 
hepatocytes in vitro are discussed more fully in Chapter 6.
Conclusion
A simplified perfusion system was routinely used to isolate 
large quantities of viable hepatocytes from both rabbit and monkey 
liver. The hepatocytes in monolayer culture retained their ultra- 
structural characteristics for up to 5 days, however after this 
time they began to degenerate. The hepatocytes in aggregates, 
however, survived past this time and possessed several properties 
which enhanced their usefulness for the study of hepatic physiology 
in vitro. First, the cultures undergo tissue reconstruction as 
indicated by re-establishment of bile canaliculi-like spaces between 
cells. Second, essentially all the cells in the population parti­
cipate in the expression of phenotype. Third, the cells retain
their differentiated functional and morphological characteristics 
before they degenerate. The cells in vitro seem, therefore, to 
parallel closely the behaviour of hepatocytes in vivo. Hence 
this system may be of value in providing a means to study hepato- 
cyte function in vitro where subtle investigations not possible 
in vivo may be made.
Table 3.1 Isolation of Hepatocytes - A Comparison of methods
Method of Isolation* Number of Experiments (%) Viability
Mincing and 
trypsinization 2 0
Disaggregating
column 2 0
Perfusion with 
trypsin 2 1
Perfusion with 
collagenase and 
hyaluronidase 70 50-70
* Methods used were outlined in Chapter 2.
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i n  s t a t i c  c u l t u r e  f o r  4 8  h o u r s .  S t a i n e d  w i t h  h a e m a t o x y l i n  
a n d  e o s i n .  C x 8 0 0 )
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P l a t e  3 . 3  L i g h t  m i c r o g r a p h  o f  a  s h e e t  o f  e p i t h e l i a l  c e l l s  i n  a  f i v e  
d a y  o l d  s t a t i c  c u l t u r e  o f  r a b b i t  l i v e r .  S t a i n e d  w i t h  
h a e m a t o x y l i n  a n d  e o s i n . ( x 2 5 0 )
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P l a t e  3 . 4  L i g h t  m i c r o g r a p h  o f  a  c o l o n y  o f  f i b r o b l a s t - l i k e  c e l l s  i n  
a  s e v e n  d a y  o l d  r o t a r y  c u l t u r e  o f  r a b b i t  h e p a t o c y t e s .  
S t a i n e d  w i t h  h a e m a t o x y l i n  a n d  e o s i n , .  ( x 2 5 0 )
L i g h t  m i c r o g r a p h  o f  m a c r o p h a g e s  i n  a  s e v e n  d a y  o l d  r o t a r y  
c u l t u r e  o f  r a b b i t  h e p a t o c y t e s .  S t a i n e d  w i t h  h a e m a t o x y l i n  
a n d  e o s i n .  ( x 2 5 0 )
P l a t e  3 . 6  L i g h t  m i c r o g r a p h  o f  a  g i a n t  c e l l ,  r e c o g n i s e d  b y  t h e  l a r g e  
n u c l e u s  s u r r o u n d e d  b y  a  p e r i p h e r a l  l a y e r  o f  s m a l l  s i n g l e  
n u c l e i .  O t h e r  c e l l  t y p e s  p r e s e n t  a r e  b e l i e v e d  t o  b e  
m a c r o p h a g e s . .  C e l l s  s e e n  i n  s e v e n  d a y  o l d  r o t a r y  c u l t u r e  o f  
r a b b i t  l i v e r .  S t a i n e d  w i t h  h a e m a t o x y l i n  a n d  e o s i n .  ( x 5 0 0 )
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P l a t e  3 , 7  M o n o l a y e r  o f  r a b b i t  h e p a t o c y t e s  m a i n t a i n e d  i n  s t a t i c  c u l t u r e  
f o r  7 2  h o u r s .  S t a i n e d  w i t h  h a e m a t o x y l i n  a n d  e o s i n .  ( x 2 5 0 )
P l a , t e  3 . 8  M o n o l a y e r  o f  r a b b i t  h e p a t o c y t e s  m a i n t a i n e d  i n  c u l t u r e  f o r  
5  d a y s .  T h e  c e l l s  a r e  b e g i n n i n g  t o  d e g e n e r a t e  a s  d e m o n ­
s t r a t e d  b y  t h e  a c c u m u l a t i o n  o f  s t r o n g l y  e o s i n o p h i l i c  
m a t e r i a l  ( e  m  )  i n  a n  i n c r e a s i n g  n u m b e r  o f  h e p a t o c y t e s .  
S t a i n e d  w i t h  h a e m a t o x y l i n  a n d  e o s i n . ( x 5 0 0 )
P l a t e  3 . 9  M o n o l a y e r  o f  r a b b i t  h e p a t o c y t e s  m a i n t a i n e d  i n  s t a t i c  c u l t u r e  
f o r  7  d a y s  s h o w i n g  d e g e n e r a t i o n  o f  h e p a t o c y t e s  a n d  t h e i r  
o v e r g r o w t h  b y  g r o u p s  o f  f i b r o b l a s t s .  S t a i n e d  w i t h  h a e m a ­
t o x y l i n  a n d  e o s i n .  ( x 4 0 0 ) .
P l a t e  3 , 1 0  L i g h t  m i c r o g r a p h  o f  r a b b i t  l i v e r  c e l l s  m a i n t a i n e d  i n  r o t a r y  
c u l t u r e  f o r  7  d a y s  s h o w i n g  g i a n t  c e l l s  ( g c )  a n d  
m a c r o p h a g e s  C m )  a t  p e r i p h e r y  o f  c e l l u l a r  a g g r e g a t e .  S t a i n e d  
w i t h  h a e m a t o x y l i n  a n d  e o s i n .  ( x 2 5 0 )
P l a t e  3 , 1 1  N o n - s p e c i f i c  e s t e r a s e  a c t i v i t y  i n  r a b b i t  h e p a t o c y t e s  
m a i n t a i n e d  i n  c u l t u r e  f o r  7 2  h o u r s .  ( x 6 4 0 )
D i a p h o r a s e  a c t i v i t y  i n  r a b b i t  h e p a t o c y t e s  m a i n t a i n e d  
i n  c u l t u r e  f o r  7 2  h o u r s .  ( x 5 0 0 )
P l a t e  3 . 1 3  L o w  m a g n i f i c a t i o n  e l e c t r o n  m i c r o g r a p h  o f  a  s e c t i o n  o f  a n  
a g g r e g a t e  o f  r a b b i t  h e p a t o c y t e s  m a i n t a i n e d  i n  r o t a r y  
c u l t u r e  f o r  5  d a y s .  T h e  c e l l s  h a v e  t h e  c h a r a c t e r i s t i c  
u l t r a s t r u c t u r e  o f  p a r e n c h y m a l  l i v e r  c e l l s .  ( x 2 , 6 0 0 )
3,14 E l e c t r o n  m i c r o g r a p h ,  o f  r a b b i t  h e p a t o c y t e  m a i n t a i n e d  i n  
c u l t u r e  f o r  5  d a y s .  N o t e  t h e  w e l l  p r e s e r v e d  s m o o t h  e n d o ­
p l a s m i c  r e t i c u l u m  ( s e r )  a n d  r o u g h  e n d o p l a s m i c  r e t i c u l u m  
C r e r ) ,  n u c l e u s  ( n ) .  ( x  2 2 , 5 0 0 )
P l a t e  3 . 1 5  E l e c t r o n  m i c r o g r a p h  o f  r h e s u s  m o n k e y  h e p a t o c y t e s  m a i n t a i n e d  
i n  c u l t u r e  f o r  5  d a y s .  O n e  w h o l e  c e l l  a n d  a  p o r t i o n  o f  
a n o t h e r  i s  s h o w n .  T h e  c e l l  h a s  a  p r o m i n e n t  k i d n e y  s h a p e d  
n u c l e u s  ( n )  c o n t a i n i n g  a  l a r g e  n u c l e o l u s  a n d  s c a t t e r e d  
a b o u t  i n  t h e  c y t o p l a s m  a r e  m i t o c h o n d r i a  ( m ) ,  l i p i d  ( 1 ) ,  
r o u g h  e n d o p l a s m i c  r e t i c u l u m  ( r e r )  a n d  g l y c o g e n  ( g ) .  ( x  1 0 , 8 0 0 )
P l a , t e  3 . 1 6  R a b b i t  h e p a t o c y t e  c u l t u r e d  f o r  2 4  h o u r s  s h o w i n g  h y p e r p l a s i a  
o f  t h e  s m o o t h  e n d o p l a s m i c  r e t i c u l u m .  T h e  n u c l e u s  ( n )  a n d  
r o u g h  e n d o p l a s m i c  r e t i c u l u m  ( r e r )  a p p e a r  n o r m a l ,  ( x  1 0 , 8 0 0 )
P l a t e  3 . 1 7  E l e c t r o n  m i c r o g r a p h  o f  r h e s u s  m o n k e y  h e p a t o c y t e  m a i n t a i n e d  
i n  c u l t u r e  f o r  5  d a y s  s h o w i n g  m i c r o v i l l i  ( m v )  p r o j e c t i n g  
f r o m  t h e  f r e e  s u r f a c e  i n  c o n t a c t  w i t h  t h e  c u l t u r e  m e d i u m .
( x  1 0 , 8 0 0 )
P l a t e  3 . 1 8  E l e c t r o n  m i c r o g r a p h s  o f  a d u l t  r h e s u s  m o n k e y  h e p a t o c y t e s
m a i n t a i n e d  i n  r o t a r y  c u l t u r e  f o r  5  d a y s .  M i c r o v i l l i  ( m v )  
a r e  p r e s e n t  o n  t h e  f r e e  s u r f a c e  o f  t h e  h e p a t o c y t e s .  T h e  
i n t e r c e l l u l a r  b o u n d a r y  i s  i n t e r r u p t e d  i n  p l a c e s  b y  a  
s t r u c t u r e  r e s e m b l i n g  a  b i l e  c a n a l i c u l u s  ( b e ) .  M i t o c h o n d r i a  
( m )  a n d  r o u g h  e n d o p l a s m i c  r e t i c u l u m  a r e  p r e s e n t  i n  t h e  
c y t o p l a s m  o f  t h e  c e l l s ,  ( x  1 0 , 8 0 0 )
P l a t e  3 . 1 9  E l e c t r o n  m i c r o g r a p h  o f  a d u l t  r h e s u s  m o n k e y  h e p a t o c y t e
m a i n t a i n e d  i n  r o t a r y  c u l t u r e  f o r  5  d a y s  s h o w i n g  s t r u c t u r e s  
r e s e m b l i n g  b i l e  c a n a l i c u l i  ( b e )  i n t e r r u p t i n g  t h e  i n t e r ­
c e l l u l a r  b o u n d a r y  b e t w e e n  c e l l s .  M i t o c h o n d r i a  ( m ) ,  
g l y c o g e n  ( g )  a n d  r o u g h  e n d o p l a s m i c  r e t i c u l u m  ( r e r )  a r e  
p r e s e n t  i n  t h e  c y t o p l a s m  o f  t h e  c e l l s ,  ( x  4 , 8 0 0 )
P l a t e  3 , 2 0  E l e c t r o n  m i c r o g r a p h  o f  f i b r o b l a s t s  s e e n  i n  1 0  d a y  o l d
c u l t u r e  o f  r a b b i t  h e p a t o c y t e s .  T h e  c e l l s  a r e  c h a r a c t e r i s e d  
b y  e l o n g a t e d  n u c l e i  a n d  a  c y t o p l a s m  p o s s e s s i n g  d i l a t e d  
e n d o p l a s m i c  r e t i c u l u m ,  ( x  1 0 , 8 0 0 )
P l a t e  3 . 2 1  E l e c t r o n  m i c r o g r a p h  o f  m a c r o p h a g e - l i k e  c e l l  p h a g o c y t o s i n g  
c e l l  d e b r i s  C c d )  s e e n  i n  1 0  d a y  o l d  c u l t u r e  o f  r a b b i t  
h e p a t o c y t e s .  0 x 1 0 , 8 0 0 )
r
P l a t e  3 . 2 2  E l e c t r o n  m i c r o g r a p h  o f  1 0  d a y  o l d ' r a b b i t  h e p a t o c y t e  c u l t u r e ,  
s h o w i n g  c u b o i d a l  t o  c y l i n d r i c a l  e p i t h e l i a l  c e l l s  w i t h  l a r g e  
o v a l  n u c l e i  ( n ) .  T h e  c y t o p l a s m  i s  r e l a t i v e l y  p o o r  i n
o r g a n e l l e s . ( x  1 0 , 8 0 0 )
CHAPTER 4 VALIDATION OF HEPATIC PROPERTIES
Biochemical Properties of the Cultured Hepatocytes
1. Protein Synthesis
1.1. Intracellular protein synthesis
The-synthesis of intracellular protfein was: studied: after . 
addition of a radioactive precursor to the culture medium.
Protein synthesis as indicated by the incorporation of /"^HJ 
leucine into acid precipitable material was found to increase 
steadily over the first 24 hour period but more slowly over the 
following 24 hours (Figure 4.6).
The uptake of Z^Hj7 leucine by individual cells was demonstrated 
by autoradiography... Most of the cells were well spread and 
contained a round nucleus with distinct mucleoli, although a number 
of fibroblasts and 'modified* fibroblasts were also seen containing 
silver grains.
1.2 Protein secretion
Several serum proteins were produced by the hepatocytes and 
secreted into the growth medium. The serum proteins were collected 
in serum-free growth medium after a 24 hour incubation of the 
cells in rotary culture. Following electrophoresis of the growth 
medium the individual proteins were stained and the percentage of 
each was estimated (Table 4.1). The major protein detected by 
electrophoresis was albumin.
DNA synthesis and cell division
The incorporation of Z~^h7 thymidine into cell nuclei as 
demonstrated by micro-autoradiography was used to assess DNA 
synthesis. The cell types having labelled nuclei with a high 
grain distribution were mainly fibroblasts and 'modified1 
fibroblasts; no hepatocytes were shown to have a significant 
number of silver grains in their nuclei.
An examination of cell monolayers of . monkey cells, arrested 
in metaphase by colcemid (0.05 ^ig/ml) showed a number of cells in 
mitosis. It was not possible to identify the cell types in 
division, but from their relative positions and the proximity of 
other cell types it would appear that they were fibroblastic in 
character.
Lipid synthesis
The lipids synthesized by hepatocytes incubated with Z’14c_7 - 
acetate were separated and the radioactivity of each was determined. 
The results in Table 4.3 show a typical distribution of label among 
the lipid classes of the hepatocytes and growth medium. Figures4.7 
and 4.8 show scans of a thin layer chromatogram of the chloroform : 
methanol extract of monkey hepatocytes and growth medium after a 
24 hour incubation with the labelled acetate.
The percentage of label in the triglycerides, cholesterol and 
diglycerides remained fairly high in both the cells and growth 
medium; the proportion of phospholipids was much higher in the cells 
than in the medium.
Urea production
Analysis of the spent growth medium showed that the hepato­
cytes produced urea.
The effect of insulin on glucose metabolism
This experiment was carried out to determine if insulin would 
cause a rapid rate of glucose uptake. The results, given in 
Table 4.3, show that glucose uptake into the hepatocytes was 
enhanced in the presence of insulin, this enhancement increasing 
as the insulin concentration was increased.
Bromsulphthalein uptake
The functional capacity of the isolated hepatocytes was 
determined from their competence to take up bromsulphthalein. The 
results as shown in Table 4.4 indicate that the hepatocytes in 
culture still retain the capacity to remove organic anions such 
as bromsulphthalein from their environment. After 45 minutes the 
cells had removed 120 pg/ml of BSP, and after 90 minutes only 
50 jig/ml remained in the growth medium. This finding indicated 
that BSP was concentrated by hepatocytes against a gradient and 
constituted evidence for an active carrier-mediated transport 
system.
Activation of cyclophosphamide by hepatocytes
Cyclophosphamide has been used as a cytotoxic agent in the 
treatment of neoplasia and as an immunosuppresive agent in the
f
treatment of connective tissue disease. The agent itself is 
virtually without cytotoxic activity and must be activated via the
hepatic microsomal mixed-function oxidase system to exert its 
biological effect (Figure 4.1).
Figure 4.1 Route of Cyclophosphamide Metabolism
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The results showed that a 24 hour exposure of the mouse lymphoma 
cells (line L-5178Y) to various concentrations of cyclophosphamide 
up to a concentration of 1 0 0 0  pg/ml did not cause cell death 
(Table 4.5), although at concentrations of 250 pg/ml and above the 
chemical appeared to stop the cells from dividing. In contrast,
t
when the lymphoma cells were co-incubated with hepatocytes 'and the 
mixed culture was then exposed to cyclophosphamide, the chemical
was found to be toxic to the lymphoma cells; at a dose of 1 0 jig/ml 
it caused a 25% reduction in viability; while at 50 jig/ml, 50% of 
the cells were dead and the remainder were inhibited from under­
going cell division (Table 4.6).
The hepatocytes did not appear to be as sensitive as the 
lymphoma cells to the cytotoxicity of the cyclophosphamide 
metabolites? most were viable and morphologically intact after 
treatment.
The results indicated that the cultured hepatocytes were 
capable of metabolizing cyclophosphamide with the production of 
potent cytotoxic agents.
Conjugation of bilirubin by hepatocytes in vitro-
The hepatic cell conjugates, bilirubin with glucuronic acid, 
the predominant pigment conjugate being bilirubin diglucuronide. 
There are alternative conjugating mechanisms, (Kuenzle 1970) but 
these are of minor importance.
A microscopical examination of the living hepatocytes in vitro 
incubated with bilirubin at concentration of 4.33 mg% revealed no 
evidence of cell death or morphological signs of damage. After 32 
hours incubation in the presence of bilirubin the hepatocytes had 
conjugated 30 = 33% of the substrate.' No conjugate could be 
measured when unconjugated bilirubin was incubated in medium 
containing boiled hepatocytes or in the absence of cells.
t
The increase in the amount of conjugated bilirubin and the
decrease in the amount of unconjugated bilirubin in the culture 
medium over the 32 hour incubation are shown in Figure 4.9.
The formation of the conjugate occurred at a constant rate 
over the first 8 hours of incubation with the bilirubin; after 
this period the rate appeared to slow down only to increase again 
after 24 hours incubation. The rate of removal of the bilirubin 
from the growth medium was rapid over the first 6 - 8  hours, and 
then slowed a little, to a reasonably constant rate.
The decreased rate of conjugation after 8 hours of incubation 
could be due to :
(i) the retention of the conjugate within the cell resulting
from a rate of secretion lower than the rate of conjugation
(ii) to the reduction in the amount of free bilirubin in the
growth medium resulting in a concomitant reduction of the 
pigment concentrating in the hepatocytes, or
Ciii) reduction in the synthesis of UDPGA or activity of glucuronyl
transferase within the cells.
After a 32 hour incubation of the hepatocytes with the bilirubin 
'there was a relatively large proportion of the substrate (approx­
imately 2 0 % of chemical) which could not be detected as either the 
free or conjugated form. This may possibly have been due to 
retention of the bilirubin within the cells and/or the production 
of minor conjugate forms not detected by the assay.
9. Hippuric acid synthesis
The ability to conjugate glycine with benzoic acid to form 
hippuric acid (Figure 4.2) was demonstrated by the hepatocytes. 
The use of reference markers and comparison of the Rf values 
obtained with those quoted by Von Kercfthoven (1974) strongly 
indicate that the major metabolite was hippuric acid(Rf 0.32);
(Rf 0191) benzoic acid was also present.
10. Nicotine metabolism
The metabolism of radioactively labelled nicotine was studied 
using thin layer chromatography to identify some of the metabolites 
and measure their relative concentrations. When medium containing
cytes a number of metabolites were produced (Figure 4.10).
The use of reference compounds in conjunction with thin layer 
chromatography of extracts of the cells and growth medium, as shown 
in Table4.7-indicated that the major metabolite detected after each
t
time period was cotinine (Rf 0.56). There were smaller amounts of 
nicotine-N-oxide (Rf 0.09) and several minor metabolites which
f°2H C0NHCH2C02H
Hippuric acid
+ H2°
Figure 4.2 Conjugation of benzoic acid with glycine 
to form hippuric acid.
£14Cj nicotine was incubated in the presence of cultured hepato-
could not be identified since reference compounds were not 
available. Although attempts to identify these unknown compounds 
(Rf 0.12), (Rf 0.18) and (Rf 0.84) were unsuccessful, a comparison 
of the Rf values with those quoted by Hanson (1965) indicates that 
the spot at Rf 0.12 could be hydroxycotinine and that at Rf 0.18 
could be X- (3-pyridyl)-^-oxo-methyl butyramate.
The amounts of individual components nicotine, cotinine and 
nicotine N-oxide in the cell extracts at 30 minutes, 2 hours and 
24 hours are shown in Table 4.7.
i
No analysis for possible glucuronate/sulphate conjugates was 
carried out. During the incubation period the nicotine appeared 
to have no toxic effect on the hepatocytes.
Aniline hydroxylase activity 
_14 ^
When £ CJ aniline was incubated in growth medium in the 
absence of hepatocytes or in the presence of boiled hepatocytes 
no metabolism of the amine could be detected. However, when 
viable hepatocytes which had been in culture for 3 days were
_14
incubated for 24 hours in medium containing /£ CJ aniline, reaction 
products were detected in the cells and growth medium. The use 
of p-aminophenol and aniline as reference standards indicated that 
these were the major radioactive components present in the culture 
medium, while the cell extract contained aniline, p-aminophenol 
and other unidentified species.
The large amount of activity in the cell extract near the 
position of the p-aminophenol possibly represents other metabolites
such as 0- or m- aminophenol, which have a slightly higher Rf value 
than the p-isomer (Stahl, 1969).
The rate of metabolism of aniline by the hepatocytes to its 
alkali-extractable derivatives was found to be fairly constant over 
a 32 hour incubation period (Figure 4.11).
12. The effect of two enzymic inhibitors and one inducer on mixed function 
oxidase activities in hepatocytes cultured for 3 and 10 days.
12.1„ Effect on aminopyrine N-demethylation activity
Freshly isolated rabbit hepatocytes and cells which had been 
in culture for 3 and 10 days could metabolise aminopyrine to its 
product 4 amino-antipyrine with the release of formaldehyde 
(Figure 4.3). Only very small amounts of 4-aminoantipyrine was 
detected in the growth medium when aminopyrine was incubated with 
boiled hepatocytes.
+ HCHO + HCHO
NADPH NADPH
/
CH3 H
Aminopyrine 4-monomethylamine
antipyrine
4-aminoantipyrine
Figure 4.3 Metabolism of aminopyrine
The formation of 4-aminoantipyrine and formaldehyde by 
hepatocytes maintained in culture for 3 and 10 days and the effect 
of a number of chemicals on this formation were shown in Figures 
4.12; 4.13; 4.14 and 4.15.
The chemicals phenobarbitone, 2-diethylaminoethyl 2, 
2-diphenyl-valerate (HC1) (SKF 525A) ando^-naphthoflavone were 
examined for their effect on the ability of the hepatocytes to 
metabolise aminopyrine. In the experiment represented in Figure 
4.12, 3-day old cultures which had been incubated im medium containing 
one of the chemicals (or the solvent in which the chemical was 
dissolved) for 48 hours received fresh medium containing one of the 
chemicals and aminopyrine (1 mM). At the time intervals indicated 
growth medium was removed for the 4-aminoantipyrine estimation.
The control cultures showed a steady production of the metabolite 
over the 24 hour period while the compound SKF 525A ando^-naphtho-^. 
flavone at the concentrations indicated inhibited metabolism. The 
use of higher concentrations of these chemicals SKF 525A at 100 pM 
(as used by Poland and Kappas 1971) and c*6-naphthoflavone at 50 pM; .
(as used by Owens and Nebert, 1975) - resulted in complete inhibition 
of aminopyrine metabolism, in that no 4-aminoantipyrine could be 
detected in the growth medium. Phenobarbitone at a concentration 
of 1 mM appeared to increase drug metabolism but did not produce 
stimulation of the magnitude found either in treatment of animals 
or in in vitro tests with liver microsomes obtained from phenobarbitone 
treated animals.
t
The amount of 4-aminoantipyrine produced by the control cells 
after 2 hours in culture (13 pg/ml) was very similar to the amount 
(11 pg/ml) produced by freshly isolated cells incubated for 2 hours
in medium containing aminopyrine. A direct comparison was not 
possible as the number of viable cells present in each of the 
cultures after the incubation period was not estimated, but as 
each culture initially received the same number of cells it 
seems probable that the metabolic activity of the cells remained 
unchanged during a 3 day culture period.
After 10 days in culture the hepatocytes were still able to 
metabolise the aminopyrine, but at a reduced rate. There was 
also a reduction in the stimulation of metabolic activity by 
phenoparbitone; however the two metabolic inhibitors SKF 525A 
and c^-naphthoflavone still continued to inhibit aminopyrine 
metabolism.
All of the above results were mirrowed when formaldehyde was fl 
measured in place of 4-aminoantipyrine (Figure 4.13). However, 
the amounts of formaldehyde detected in the growth medium were very 
small, probably due to loss by evaporation from the liquid and more 
importantly to further metabolism of the formaldehyde by the 
hepatocytes to a less toxic metabolite. For this reason the results 
obtained by measuring the 4-aminoantipyrine probably give a better 
indication of the metabolic activity of the cells in culture.
The results indicated that the hepatocytes in culture retained 
their ability to metabolise aminopyrine to 4-aminoantipyrine, the 
formation of which was stimulated by phenobarbitone and decreased 
by SKF 525A and o^-naphthoflavone. Over the 10 day culture period 
the cells appeared graduaH y  to lose their specific metabolic 
activity.
.2 Effect of Ethylmorphine N-dimethylase
The cultured hepatocytes were found to be capable of metabolising 
ethylmorphine via N-demethylation resulting in the production of 
formaldehyde (Figure 4.4) which was measured in the growth medium. 
Aging of the hepatocytes led to a fall in their ability to metab­
olise the drug; the freshly isolated hepatocytes produced 0.14 pg/ml 
of formaldehyde after a 2 hour incubation in growth medium containing 
ethylmorphine (0.1 mM), while cells which had been in culture for 
3 and 10 days produced 0.115 pg/ml and 0.065 pg/ml respectively.
OH
ch2ch3
N —
>
+ HCHO
OH
Figure 4.4 Ethylmorphine N-demethylation
Pretreatment of the cells for 60 hours at 37°C with pheno­
barbitone resulted in a stimulation of the rate of ethylmorphine 
metabolism in both 3 and 10 days cultures, although the stimulation 
was markedly decreased in the 1 0 day old cultures.
The drug inhibitors SKF 525A and o4-naphthoflavone caused a 
reduction in the production of formaldehyde by the hepatocyte 
maintained in culture for 3 and 10 days (Figure 4.14). The degree 
of inhibition caused by the chemicals apparently increasing-with
increased age of the culture. Only small amounts of formaldehyde 
were found in growth medium containing ethylmorphine incubated 
with boiled hepatocytes.
12.3 Effect on Biphenyl hydroxylation
Measurement of biphenyl hydroxylation by cultured hepatocytes 
incubated in growth medium containing biphenyl (0.1 mM) showed 
that the major metabolite detected was 4-hydroxybiphenyl, the 
amounts of 2-hydroxybiphenyl produced being too small for accurate 
measurement. Addition of phenobarbitone to the incubation medium 
resulted in an increase in biphenyl 4-hydroxylase activity whereas 
SKF 525A and o^-naphthoflavone caused a decrease (Figure 4.15). 
Treatment of 3 day old cultures with SKF 525A for 24 hours caused 
an increase in production of 2-hydroxybiphenyl, the amount however 
being far less than the 4-hydroxy species.
Aging of the cultures once again resulted in a decrease in 
specific metabolic activity and stimulation by phenobarbitone.
The results show that after a 24 hour incubation of cultured 
hepatocytes with biphenyl (0.1 mM) less than 1.4% of the total 
dose could be detected in the growth medium as the 4-hydroxylated 
species. This level is probably due not to a decline in biphenyl 
4-hydroxylase activity in the cultured cells but to extensive 
conjugation of the free 4-hydroxybiphenyl; the 4-hydroxybiphenyl 
glucuronide and sulphate were not measurable in the fluorimetric 
assay. f
13. 7-Ethoxycoumarin metabolism
The aim of this study was to compare the metabolic capabilities
of freshly isolated hepatocytes and hepatocytes maintained in culture 
for 3 and 10 days using 7-ethoxycoumarin as the culture substrate.
The metabolism of 7-ethoxycoumarin involves an initial O-dealkylation 
followed by conjugation (Figure 4.5).
H5C2°
7-eth oxycoumarin
NADPH,
NADPHXCH-CHO
7-hydroxycoumarin
glucuronide
UDGPA
UDP
PAPA
ADP
sulphate
0
7-hydroxycoumarin
sulphate
7-hydroxycoumarin 
glucuronide
Figure 4.5 Metabolism of 7-ethoxycoumarin by cultured hepatocytes
Table 4.8 shows the amounts of free (unconjugated) 7-hydroxycoumarin 
and total 7-hydroxycoumarin (after dC-glucuronidase action) produced by 
5 x 105 viable hepatocytes after a 4 hour incubation in 10 ml growth 
medium containing 7-ethoxycoumarin at a concentration of 2 ;ug/ml. The 
differences in the metabolic capabilities of the cells growing on 
polycarbonate and tissue culture polystyrene are also shown.
From the results it would appear that the freshly isolated 
hepatocytes had a greater drug metabolising potential than 
hepatocytes which had been in culture for 3 days which in turn 
were more active than the 10 day old cells .• Comparison of the 
results is however hampered by the fact that the suspension of 
freshly isolated cells contained viable, unhealthy, and dead cells 
whereas the cultures at 3 days consisted of only viable cells 
(the dead and dying having been discarded). As the viability of 
the hepatocytes was determined after the 4 hour incubation with 
the substrate, it is possible that unhealthy cells in the freshly 
isolated suspension were capable of some metabolism, prior to 
their death before the end of the incubation, and that leakage 
of enzyme from dead or dying cells may also have contributed to 
the observed drug metabolism. The amount of metabolite produced 
by the hepatocytes in the freshly isolated cell suspension may 
thus not be completely attributable to the number of viable cells.
At 3 days the cell monolayers in the polystyrene tissue 
culture flasks were more efficient at drug metabolism than those 
in the polycarbonate flasks having metabolised 1 1 .2% of the 
substrate compared to only 9.25% by the latter. However, by 10 
days this phenomenon had been reversed as the cultures on poly­
carbonate had metabolised 4.1% of substrate as compared to only 
0 .6 % substrate metabolism by the polystyrene tissue culture 
flask cultures.
The results obtained in this, as in the other studies reported
t
above, indicate that aging of the cultures was accompanied by 
decreasing metabolic activity.
)
By far the greatest amount of 7-hydroxycoumarin present in 
the cells and medium was present as the sulphate or glucuronide 
conjugate (Table 4.9). The amount of conjugation, however, 
decreased with increasing age of the cultures by day ten most of 
the 7-hydroxycoumarin produced by the cells in the polystyrene 
tissue culture flask was in the free form, although the cells in 
the polycarbonate at this time still retained much of their 
ability to conjugate the metabolite.
Polycyclic hydrocarbon metabolism
Two procedures were used to measure the metabolism of 
tritiated polycyclic hydrocarbons by the cultured hepatocytes.
In the 'first metabolism of 7, 12 dimethylbenzanthracene or 
benzo (o^-) pyrene was measured by extraction of the cultures with 
ethyl acetate followed by separation of the metabolites using 
thin layer chromatography. The number of metabolites produced 
when the benzanthracene was used as substrate were so numerous as 
to make it impossible to identify individual compounds, thus 
precluded the use of the compound from other investigations.
The second method involved extracting unreacted /”^ Hr7-benzo 
(ot) pyrene and- 3-hydroxybenzo (<*.) pyrene into hexane followed by 
extraction of the phenol into an alkaline solution, a portion 
of which was counted. The amount of benzo (ot)pyrene converted by 
the hepatocytes in culture to the phenol is shown in Figure 4.16. 
This represented only a proportion of the metabolites formed by 
the NADPH-dependent mixed function oxidase system, as epoxides 
also give rise to dihydrodiols and conjugates. For this reason
the enzyme assayed will not be termed "aryl hydrocarbon hydroxy­
lase" (Grover et al 1972). Although this method did not demon­
strate that the hepatocytes in culture could metabolise benzo (c*L) 
pyrene via all the pathways operating in vivo it showed that they 
were capable of the oxidative metabolism of the compound via 
epoxides to the phenol products over a period of time in^culture.
The ability of freshly isolated cells and 3 and 10 day 
cultures to metabolise benzo &-) pyrene, and the relative amounts 
of metabolites produced by each system was investigated using thin 
layer chromatography as described above.
When an ethyl acetate extract of an incubation mixture 
consisting of boiled hepatocytes incubated in culture medium 
containing Z"^ny-benzo (P^) pyrene was analysed by tic a single r. 
radioactive spot corresponding to unmetabolised benzo (ot) pyrene 
(Rf 0.62) was detected. Radiochromatograms of organic extracts 
obtained from other incubation mixtures are shown in Figure 4.17; 
several major components could be detected but there were probably 
other minor components. The amount and chromatographic properties 
of the major components are shown in Table 4.10.
Initially, the ethyl acetate extracts of incubation mixture 
were analysed using ;tlc by Dr. J. W. Bridges (University of 
Surrey) using 3-hydroxybenzo (<*)pyrene, and 7,8- and 9,10- 
dihydrodiols as reference markers, subsequent identification of 
metabolites in other investigations was based on comparison of 
chromatograms and the Rf values which were quoted. ,
It was found that ^ n / b e n z o  feQpyrene was metabolised by the
hepatocytes. Several metabolites were isolated from the reaction 
mixture and were tentatively identified as:
I. 9,1 0 -dihydrodiols
II. 1,8-dihydrodiols
III. unknown
IV. 3-hydroxybenzo (oC) pyrene
V. Benzo (<*-) pyrene
VI. unknown.
The percentage of metabolised components extracted from the 
incubation mixtures increased by approximately 16% after enzymic 
incubation indicating some of the basic components present in the 
aqueous phase after ethyl acetate extraction was present as 
glucuronide or sulphate conjugates.. After enzyme treatment much 
of the additional radioactivity corresponded to compounds IV, I,.
II and to a lesser extent, component III.
As found in other experiments, increase in'the age of the 
culture was accompanied by a decrease in specific metabolic 
activity.
Discussion of Results
As it was hoped to use the cultured hepatocytes to study the 
influence of toxins on hepatic function in vitro it was necessary 
to show that they not only retained the morphological and ultra- 
structural characteristics of the cells in vivo but that they also 
maintained over several days the metabolic capabilities of 
differentiated hepatocytes. The liver fulfills so many metabolic 
functions that there is no single most appropriate "hepatic test". 
However, to try to demonstrate all hepatic functions in vitro would
be impossible. It was therefore necessary to perform a selection 
of tests to obtain a general appreciation of the activity of the 
cultured cells. The tests selected were those which have been used 
to study hepatic function in vivo. The first method used was the 
measurement of specific products secreted into the growth medium by 
the hepatocytes, e.g. albumin and urea. The second approach involved 
overloading the hepatocytes with a chemical to evaluate the activity 
of a particular function, e.g. hippuric-' acid and BSP test. The 
enzymic activities of the hepatocytes ascertained by incubating the 
cells with various substrates followed by the identification and 
quantification of the metabolites produced was the third aspect of 
liver function studied.
The cultured hepatocytes were capable of synthesizing protein, 
as demonstrated by autoradiography. The incorporation of Z"^ El7- 
le.ucine into intracellular protein was maximal during the first few 
hours after isolation and then decreased throughout the remainder 
of the 24 hour incubation (Figure 4.6). Although the incorporation 
pattern was not analysed in detail it is possible that the rate of 
protein synthesis was elevated initially to replace protein leaked 
out of the cells or destroyed during cell isolation. This ability 
to synthesize protein, and the capacity to synthesize lipids 
demonstrated by the incorporation of acetate into cellular
lipids and lipids released into the culture medium, showed that the 
hepatocytes in culture retained general metabolic ability.
The demonstration of the synthesis and secretion of albumin,
f
the production of urea and the removal of organic ions such as 
bromsulphthalein from the culture medium showed that they also 
retained specific properties of the original organ.
Gluconeogenesis is one of the principle functions of the liver 
and requires the integrated interaction of the mitochondrial and 
cytoplasmic compartments of the cell. Bissell et al (1973) and 
Fry (1975) have reported that cultures of adult rat hepatocytes can 
store and synthesise glycogen in response to insulin treatment, the 
ability of the cells in this study to store glycogen and respond 
to the hormone, insulin, confirmed that they also possessed 
functional hormone receptor sites. Other experiments provided evidence 
that hepatocytes in culture also retained their biochemical mechanism 
for bilirubin uptake„transport, conjugation and secretion, considered 
to be a unique function of the hepatic cell.
Although it is a virtual certainty that the hepatocytes in 
culture will undergo functional changes, with time, their ability 
to produce plasma proteins and urea, to remove organic anions from 
their environment, alter their uptake of glucose in response to 
insulin and to conjugate bilirubin indicate that they retained 
specialized physiological functions and a high degree of metabolic 
integrity for several days in culture and can therefore be used 
for pharmacological studies.
15.1 Drug Metabolism Studies using Cultured Hepatocytes
The hepatocytes were shown to remove /“l^CL7-benzoic acid from 
the growth medium, combine it with glycine to form hippuric acid 
and excrete the product back into the growth medium. This showed 
that the cultured cells possessed the ability to conjugate glycinet
with benzoic acid which is a well known mitochondrial function of
the liver in vivo and as such is used as a test in clinical studies 
to measure hepatic dysfunction in patients (Varley 1969).
Metabolism of Z”^ ^c_7-aniline by the cells was detected. The major 
route of metabolism was hydroxylation followed by conjugation resulting 
in the production of p-aminophenol and its isomers, along with other 
minor metabolites. This is similar to that found by Gang et al (1972) 
when he detected the unconjugated metabolites produced when aniline 
was incubated with human liver homogenates.
The cultured hepatocytes were indirectly shown to be capable of 
metabolising the anti-tumour agent cyclophosphamide, a chemical 
requiring activation before exerting its full cytotoxic effect. It 
was found that mouse lymphoma cells (line L5178Y? Fischer 1956) 
could be exposed to concentrations of the chemical up to 1 0 0 0  jig/ml 
and still remain viable. However, when the lymphoma cells were 
ico=incubated with-hepatocytes, the metabolite(s) generated by the 
mixed function oxidase action located in the endoplasmic reticulum 
of the cultured hepatocytes were found to be highly cytotoxic, as 
concentrations as low as 1 0 pg/ml of the 'activated' chemical caused 
death of the lymphoma cells, thus showing the importance of the 
cyclophosphamide metabolite(s) as growth inhibitors. The difference 
in effect of the toxic metabolite (s) on the hepatocytes and lymphoma 
cells was probably due to a much slower turnover of nuclear material 
in the hepatocytes as compared to the lymphoma cells.
Exposure of the cells to ^ 1 4 C_7-nicotine ancl/^H7benzo(p^ pyrene 
resulted in the metabolism of the chemicals with the release of some
f
metabolites into the growth medium. Of the nicotine metabolites, 
cotinine was produced in much greater amounts than other metabolites 
although-nicotinerrN-oxide and other unknown compounds were also seen.
These results are in agreement with those of Papadopoulus 
(1965) who reported that cotinine and nicotine-N-oxide were two of 
the important metabolites produced when nicotine was metabolised 
by animal tissues in vivo and in vitro. Benzo (°t) pyrene was metabolised 
by the hepatocytes to alkali-extractable and water-soluble derivatives 
over a 48 hour period. Several metabolites were isolated from the 
incubation mixtures and tentatively identified as 3-hydr.oxybenzo (pQ 
pyrene, and 7,8- and 9,10 - dihydrodiols, these also have been 
detected in liver homogenate experiments (Sims 1970); the other 
metabolites were not identified. After treatment of the incubation 
mixtures with 'deconjugating enzymes1 the bulk of the additional 
radioactivity extracted corresponded to 3-hydroxybenzo (pQ pyrene 
but smaller amounts of components including 7,8- and 9,10- 
dihydarodiols were also present.
Hepatocytes maintained in culture were capable of the enzymic 
conversion of aminopyrine to 4-aminoantipyrine which has been found 
to be the major metabolite produced in vivo when dogs (Stafford 
1974) and man (Brodie 1950) were dosed with aminopyrine. In this 
study 4-aminoantipyrine was excreted as the unconjugated form in 
quite large amounts into the growth medium, why the metabolite was 
not conjugated prior to excretion is unclear but it may be due to 
the fact that it is fairly polar already. Conversely, when biphenyl 
was incubated with the cells, 4-hydroxybiphenyl was discovered to 
be the major metabolite; but only small amounts of the unconjugated 
species were excreted into the growth medium, amounting to less than
t
1.4% of the total dose, most of the phenol was most probably .excreted 
as the glucuronide and/or sulphate conjugate. A similar pattern of
metabolism and conjugation of biphenyl has also been observed in 
rabbits in vivo by Meyer (1977) who reported that only small amounts 
of the phenols were excreted in the unconjugated form.
The increase intthe amount of formaldehyde in the growth medium 
was used as an indication of ethylmorphine N-demethylase activity, 
but the amount of formaldehyde produced was probably not proportional 
to the amount of ethylmorphine metabolism as the formaldehyde 
produced may have evaporated from the growth medium or itself further 
metabolised to a less toxic substance. Studies also showed that the 
cultured cells were capable of metabolising 7-ethoxycoumarin by an 
initial O-dealkylation followed by conjugation, most of the chemical 
being released from the cells as the glucuronide and/or sulphate 
conjugate which is similar to that observed in whole-animal studies 
and with freshly isolated hepatocytes in vitro (Fry 1977).
15.2 Quantita'ti’ve and Qualitative Changes in the Metabolic Capabilities 
of Hepatocytes Connected with the Method and Age of Culture
Investigations were undertaken to discover the changes which 
occurred in the metabolic functions of hepatocytes on prolonged 
cultivation and what effect the substratum and method of culture 
had on these changes.
15.2.1:Quantitative and Qualitative Changes
The hepatocytes maintained in culture for three and ten days 
were found to be capable of metabolising aminopyrine, biphenyl, 
ethylmorphine, ethoxycoumarin and benzo(°^)pyrene as described above. 
However, throughout the culture period the metabolic activity of 
the cells (demonstrated by their ability to metabolise various
■ substrates);-fell as did the extent of their inducibility by pheno- 
barbitone, e.g. metabolism of ethoxycoumarin by hepatocytes 
maintained in culture for 1 0 days was less than half that measured 
in 3 day cultures. This fall off in both basal and induced activity 
was accompanied by increasing cell damage and loss of sub-cellular 
structural elements characteristic of .normally functioning 
hepatocytes. Bissell et al (1973) also reported a decline in the 
metabolic capabilities of hepatocytes maintained in culture for 
several days but unfortunately there have been few such studies 
into quantitative changes. There have however been a number of 
studies into qualitative changes in the metabolic capabilities 
of cells - generally termed de-differentiation - connected with 
prolonged cultivation in vitro. One such study by Owens and 
Nebert (1975) reported that cultures of foetal liver cells contained 
cytochrome P-448 but not cytochrome P-450, suggesting a change in 
the drug metabolising capabilities of the cultured cells. The 
results of our investigations would however suggest that although 
the aging of adult mammalian hepatocyte cultures was connected with 
declining levels of metabolic reactions catalysed by cytochrome 
P-450, i.e. aminopyrine and ethylmorphine metabolism, there was over 
the same time period a corresponding decrease both in conjugation 
reactions - involving both benzo (oO pyrene and ethoxycoumarin 
metabolites - and in metabolic processes catalysed by cytochrome 
P-448, as indicated by a decrease in benzo (oOpyrene metabolism 
(Table 4.11). The implications of this is that the maintenance of 
hepatocytes in culture for prolonged periods was accompanied by an 
overall decrease in metabolic capabilities but there was no change 
in the pattern of drug metabolism from that operating in normal
liver in vivo, i.e. the ratio of P-450/P-448 are probably unchanged.
It is apparent from these preceeding studies that quantitative 
extrapolation of results from metabolic activity in "old" hepatocyte 
cultures to that existing in vivo is of somewhat doubtful value. 
However, whilst the use of cultures mav not prove valuable for 
quantitative studies in drug metabolism it is, nevertheless, a 
perfectly acceptable tool with which to study qualitative and 
semi-quantitative patterns of drug metabolism. It is therefore 
likely that this qualitative and semi-^quantitative attitude to the 
use of cultured hepatocytes in drug metabolism studies could prove 
to be useful in the testing of potential drugs for although 
absolute values for metabolism could not be given, the relative 
proportions of metabolites produced could be assessed and compared 
from other laboratory species both in vivo and in vitro.
15 2.2 Effect of method oficulture
Freshly isolated hepatocytes and 3 and 10 day cultures growing 
on polycarbonate and polystyrene were examined for their ability 
to metabolise 7-ethoxycoumarin. Although an exact comparison of 
the metabolic capabilities of freshly isolated hepatocytes and those 
which had been iniculture for 3 and 1 0 days was not possible due 
to problems mentioned earlier, it would appear that 3 day old 
cultures had a metabolic activity comparable to that of freshly 
isolated cells. These short term hepatocyte cultures which maintain 
their drug metabolising capabilities have the' potential advantage 
that duration of exposure to toxins or carcinogens and thd time 
over which changes invoked in the cells may be studied can be much
longer (.3 - 4 days) than using freshly isolated cell suspensions 
(3 hours),
A comparison of the ability of cells growing on polycarbonate 
and polystyrene to metabolise 7-ethoxycoumarin showed that at 3 
days the cells on the polystyrene were slightly more efficient than 
the polycarbonate cultures. A possible reason for this is a 
difference in cell form in the two culture systems; the cells on 
the polystyrene generally spread out, increasing their surface area- 
in contact with the chemical, and this may have helped the absorp­
tion of the drug and release of metabolites. In comparison the 
cells on the polycarbonate usually remained rounded, with a 
consequent decrease in surface area available for drug penetration. 
Further, the rotary movement of the polycarbonate bottles caused 
the cells to clump together, and the hepatocytes in the centre of 
the clump may not have come into contact with the ethoxycoumarin, 
these central cells may also have suffered from lack of oxygen 
or other nutrients essential for optimal function. After 10 days in 
culture the cells on the polycarbonate were more efficient at 
ethoxycoumarin metabolism possibly due to the fact that they survived 
longer and retained their differentiated state better than the 
cells in monolayer culture - for the reasons described above; also 
the vast majority of the cells on the polystyrene were by that time 
fibroblastic in character, while the polycarbonate cultures contained 
relatively few fibroblasts.
15.2.3 Effect of various substrates on the metabolic activity of the
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cultured hepatocytes.
Investigations were also undertaken to ascertain what effect,
phenobarbitone, oC-naphthoflavone and SKF 525A - chemical agents 
known to interfere with biochemical reactions in living cells - 
had on the ability of the cells to metabolise the substrates, amino­
pyrine, biphenyl and ethylmorphine. These chemicals were found to 
have varying effects on the cells. The basal rates of metabolic 
activity of the hepatocytes was slightly but reproducibly increased 
in the presence of phenobarbitone although the magnitude of the 
induction did not match that observed in vivo (Mitchell et al 1975).
As the magnitude of induction of hepatic metabolic activity has - 
been found to vary greatly according to the age and species of 
animal used it was not possible to make a meaningful quantitative 
comparison between the results obtained in this study (using rabbit 
hepatocytes) and those of other researchers who have in the main 
used rat hepatocytes in their investigations (Hayes 1976).
However a qualitative comparison would seem to suggest that induction 
in vitro is far smaller than that which occurs in vivo. The 
reasons why the magnitude of enzyme induction was much smaller 
in vitro than in vivo could either be due to some functional change(s) 
that occurred in the cultured cells or reflect a 'normal1 response 
of the cells in the artificial conditions of culture. Bissell et al 
(1975) claimed that alteration of P-450 content of cultured hepato­
cytes was due to an imbalance of nutrients in the growth medium and 
that detoxification mechanisms may already be stimulated to deal 
with the new chemically hostile environment. Therefore the possibility 
exists that hepatocytes maintained in "less adverse" conditions would 
be stimulated by enzyme inducers to levels comparable to those in 
the intact organ in vivo - this will be discussed later. 'The 
compounds SKF 525A (conc. 10 pM) and otnaphthoflavone (cone. 25 pM)
were both found to inhibit drug metabolism in vitro, which is -in 
agreement with Poland et al (1971) and Hayes et al (1976) who 
reported that the N-demethylation of antipyrine by isolated rat 
hepatocytes was inhibited by the addition of SKF 525A to the culture 
medium. Higher concentrations of the chemicals SKF 525A, 0.1 mM, 
and oG-naphthoflavone, 50 pM, used by Owens et al (1975), in this study 
caused a complete inhibition of drug metabolism. Conceivably the 
drugs at these higher concentrations exerted a membrane effect or 
cell death. It was suggested by Owens and Nebert (1975) that 
SKF 525A inhibited in vitro hydroxylase activity induced by pheno­
barbitone by interacting with the cytochrome P-450 binding site; 
cG-naphthoflavone, however, inhibited methyl cholanthrene - inducible 
hydroxylase activity and therefore was thought to interact with 
cytochrome P-448 (or P-446) enzyme active site. The results of the 
present experiments showed that both chemicals inhibited the meta­
bolism of the 3 substrates aminopyrine, biphenyl and ethylmorphine. 
There are 2 possible explanations of the results obtained: oG-naphtho- 
flavone does not exert its inhibitory effect on the P-448 species 
alone, but also affects P-450, and/or both inhibitors exerted a 
general toxic effect.
Conclusion
A large number of differing metabolic functions some specif­
ically of liver cells were tested for in the cultured hepatocytes. 
These included albumin synthesis and excretion, glycogen synthesis, 
lipogenesis, protein synthesis and many enzymic activities related 
to the synthesis and conjugation of bile salts and drug metabolism.
A comparison of the metabolic activities of hepatocytes in 
static culture and rotary culture, as demonstrated by their ability 
to metabolise ethoxycoumarin, showed that at 3 days in culture they -• 
appeared to have comparable metabolic activities. However, by day 
1 0 the hepatocytes in rotary cultures were more efficient at ethoxy­
coumarin metabolism than the static cultures. The reason for this 
difference was obvious since the morphological studies had adequately 
demonstrated that by day 1 0 hepatocytes in static cultures had all 
but disappeared due to degeneration while the rotary cultures still- 
consisted of a considerable number of 'normal' hepatocytes.
The data presented here demonstrates that aging of the cultures 
was accompanied by a decrease in their metabolic functions, as 
demonstrated by their drug metabolizing ability. There are probably 
a number of reasons for this phenomenon but an obvious important 
factor is.that as the cultures aged the hepatocytes degenerated and 
fibroblasts began to dominate. However, it is also very probable 
that important modifications in the metabolic functions of the 
hepatocytes occurred which cannot be solely related to changes in 
their morphological characteristics. Bissell et al (1973, 1975) 
demonstrated that decreases in' specific microsomal functions catalysed 
by cytochrome P-450 in aging monolayer cultures of rat hepatocytes 
could be reversed by appropriate; modifications of the culture medium. 
This decrease in microsomal function related to cell aging may be 
the reason why enzyme induction by phenobarbitone in 1 0 day old 
cultures was greatly reduced, i.e. approximately 50% to that observed 
in 3 day old cultures. r
After 10 days in rotary culture the hepatocytes were obviously
beginning to degenerate as demonstrated by both morphological 
and functional studies, however they appeared to survive and retain 
their functional characteristics longer than monolayer cultures 
of adult rat hepatocytes used in other:.laboratories, e.g. Bissell 
et al (1973, 1975) , Wanson et al (1977) . The reasons for this 
increased survival may be due to the different species used or 
more probably to factors resulting from group relations among cells 
within the aggregates, described above, which possibly do not occur 
in monolayer cultures - this is discussed in more detail later.
Table 4.1 Protein secretion by hepatocytes; maintained in
culture for 5 days as measured by electrophoresis
Protein fraction % total
Albumin 70
globulin 5
ot-2 globulin 8
£ globulin 13
7T globulin 2
Four days after the jiitration of cultures, the hepatocytes were 
incubated in culture medium containing no calf serum. Twenty four 
hours later a sample of the culture medium was removed and the 
serum proteins it contained were characterised and quantified using 
a Millipore Agaroslide system.
Table 4.2 Distribution of radioactivity among the various
lipid classes
Lipid class
Distribution of radioactivity
Cells
D.P.M. %
Growth
D.P.M.
medium
Q.*o
Triglycerides 8615 2 1 . 2 4879 27.9
Cholesterol 12918 31.7 5662 32.3
Diglycerides 7586 . 18.6 3101 17.7
Monoglycerides 1892 4.6 946 5.4
Phospholipids 5374 13.2 1213 6.9
Fatty acids 2168 5.3 857 4.9
Total 40711 17515
The lipids present in :the cells and culture medium were resolved by 
tic as shown in Figures 4.2 and 4.3. The spots were scraped from 
the plate thoroughly mixed with water and Triton X-100 and counted.
Lipid standards obtained from Sigma Ltd., were used in conjunction with 
thin—layer chromatography of hepatocytes and culture medium extracts.
Table 4.3 The effect of insulin on glucose uptake by
cultured hepatocytes
' Level of 
insulin 
(i.u.)
Incubation
time
(hours)
% Z ^ C_7 glucose 
remaining in 
culture medium
0 (Control) 98.9
0 . 0 1 8 97.2
0.015 94.6
0  (Control) 95.2
0 . 0 1 2 0 93.2
0.015 91.5
0 (Control) 90.8
0 . 0 1 32 86.3
0.015 81.9
Five days after establishing the culture, the cells received fresh
14
culture medium containing 0.5 pCi £ Cj/-glucose per ml. In some 
culture vessels the radioactive medium also contained insulin at a 
final concentration of 0.01 or 0. 015 i.u. At the time intervals 
indicated above medium was collected and counted for radioactivity.
Table 4.4 Removal of Bromsulphthalein from growth medium by
cultured hepatocytes
Incubation
time
(min)
Optical
density
mg% of BSP . 
left in 
growth medium
% BSP 
remaining in 
growth medium
45 0 .118 1.3 52
90
i
0 .047 0.5 2 0
STANDARDS
Concentration
of BSP_______  Optical density
1 mg% 0.090
1 mg% 0.91
2 mg% 0 . 1 8 2
2 mg% 0.185
4 mg% 0.364
4 mg% 0.376
Five days after the initiation of hepatocyte cultures the cells received 
fresh culture medium containing bromsulphthalein (2.5 mg%). At’the time 
intervals indicated above samples of medium were removed and assayed for 
dye content. -
A standard curve was prepared using the data indicated above.
Table 4.5 Direct toxicity of cyclophosphamide on mouse lymphoma
(Line L5178Y)
Concentration of 
cyclophosphamide
(w)
Number of viable 
cells/mil 
xlO5
Number of dead 
cells/ml 
xlO5
0 . 1.19 0 . 0 1
1 1 . 0 1 . 2 1 0.033
1 0 . 0 1.16 0 . 0 1
50.0 1 . 2 0.03
250.0 0 . 8 0 . 0 2
1 0 0 0 . 0 0.62 0
Mouse lymphoma cells at a concentration of 0.5 x 10^/ml were incubated 
at 37.5°C in culture medium containing various concentrations of cyclo­
phosphamide for 24 hours, after which time they were harvested, counted 
and their viability assessed.
All values expressed as a mean of duplicate cultures
Table 4.6. Toxicity of cyclophosphamide on mouse lymphoma cells
(Line 5178Y) coincubated with rabbit hepatocytes
Concentration of 
cyclophosphamide
(»g)
Number of viable 
cells/ml 
xlO5
Number of dead 
cells/ml 
xlO5
0 1 . 2 1 0 . 0 1 2
1 . 0 1.14 0.07
1 0 . 0 0.96 0.25
50.0 0.32 0.31
Lymphoma cells at a concentration of 0.5 x105/ml were coincubated 
with a 24 hour old culture of rabbit hepatocytes at 37.5°C in culture 
medium containing various concentrations of cyclophosphamide for 24 
hours, after which time the mouse cells were harvested, counted and 
their Viability assessed.
All values expressed as a mean of duplicate cultures.
Table 4.7 Percentage of radioactive nicotine, cotinine and
nicotine-N-oxide in cells at 30minutes, 2 hours 
and 24 hours.
Time Nicotine Cotinine Nicotine-N-oxide Unknown
30 min 98.9 0.7 0.3 0
2 hr.s 96.4 2.7 0.7 , 0 . 1
24 hits-. 94.0 4.6 1.15 0.25
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Table 4.9 Conjugation of 7-hydroxycoumarin by cultured 
hepatocytes
Age of culture
% of 7-hydroxyqoumarin 
as conjugate
Freshly isolated cells 75
3 day culture 
(in polycarbonate) 81
3 day culture 
(in plastic) 83
1 0 day culture 
(in polycarbonate) 64
1 0 day culture 
(in plastic) 19
Percentage of 7-hydroxycoumarin present in the cells and medium 
as the sulphate or glucuronide conjugate. '
Table 4.10 Rf values and amounts of ethyl-acetate - Extractable
metabolites of %-benzo (*Qpyrene in hepatocytes and 
growth medium (incubation mixture).
Component Rf value
% of each compound in incubation mixture
Culture treated with 
B-glucuronidhse
3 day old 
cultures not 
treated with 
B-glucuro.n- . 
idaso.Fresh
cells
3 day 
culture
1 0 day 
culture
I 0 . 2 1
10.5
10.7 3.2
8.3
II 0.25 6.5 4.9
III 0.43 12.5 8 . 0 1 0 . 2 5.1
IV 0.5 19.6 16.3 7.4 10.4
V 0.625 57.4 52.6 74.3 68.75
VI 0.125 - 5.8 - 7.45
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Figure 4.6 Incorporation of £_ H_/-leucine into intracellular protein 
by cultured hepatocytes.
10
4-.
8 483616 24
Hours after label addition
Following isolation the cells were incubated for four hours in unlabelled culture 
medium. The cultures were then washed and incubated with medium containing l_ 
leucine. At the indicated times the cells were separated from the medium and 
processed as described in Chapter 2, 4.1.2.
Figure 4.7 Lipid synthesis by cultured hepatocytes
Trirglycerides
OriginCholesterol
Diglycerides
Monoglycerides
Phospholipids
Fatty acids
Scan of thin layer chromatogram of chloroform phase of extract
—14 -Tobtained from culture medium containing [_ C/-acetate
incubated with rhesus monkey hepatocytes for 24 hours.
Lipid standards obtained from Sigma Ltd. were used in conjunction 
with thin-layer chromatography of culture medium extract.
Figure 4.8 Lipid synthesis by cultured hepatocytes
Diglycerides
Cholesterol
Triglycerides. 
Origin
Phospholipids
Fatty acids
Monogly
cerides
Scan of thin-layer chromatogram.of chloroform phase of extract from hepato­
cytes incubated in medium containing <£"^ 4c7-acetate.
Lipid standards obtained from Sigma Ltd. were used in conjunction with 
thin-layer chromatography of hepatocyte extract.
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Figure 4.9 Conjugation of bilirubin by cultured mammalian hepatocytes
1.5
-1
3224Hours
Appearance of conjugated bilirubin and the disappearance of 'free'(unconjugated) 
bilirubin from culture medium incubated with rhesus monkey hepatocyte cultures 
which had been initiated 5 days earlier. Duplicate cultures were incubated with 
culture medium containing unconjugated bilirubin at a concentration of 4.33 mg% 
and conjugated bilirubin at a concentration of 0.19%. At the time intervals 
indicated, 0.25 ml of the medium was removed for the measurement of 'free' and 
conjugated bilirubin. Each point represents the mean result from the two 
cultures.
Free bilirubin* t
X Conjugated bilirubin
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Figure 4.10 Metabolism of nicotine by cultured hepatocvtes
originJ
nicotine
cotinine N-oxide
Scan of thin layer chromatogram of organic extract obtained from rhesus 
monkey hepatocytes incubated for 24 hours in culture medium containing
/~14qy-nicotine #
nicotine
origin
cotinine
N-oxide
Scan of thin layer chromatogram of organic extract obtained from culture medium 
containing ^ /"^Q_7-nicotine incubated with rhesus monkey hepatocytes for 24 hours.
3
Figure 4.11 Hydroxylation of C hJ7 aniline by hepatocytes in 
cell culture.
12
10-
•H
rH
•H
ro
322 6 2412
Time (hours)
Rhesus monkey hepatocytes maintained in culture for 3 days
_3 -
received fresh culture medium containing [_ H/-aniline.
At the selected time intervals i.e. 2, 6 , 12, 24 and 32 hours, 
samples of growth medium were removed and assayed for aniline 
metabolites.
pg 
4-
am
in
oa
nt
ip
yr
in
e 
pr
od
uc
ed
 
pg 
4-
am
in
oa
nt
ip
yr
in
e 
pr
od
uc
ed
^
Figure 4.12 A comparison of the effects of various agents on aminopyrine
metabolism in rabbit hepatocytes maintained in culture for 3 and
10 days.
3 day old culture
70
x Phenobarbitone BP (100 pM)60
50
Control40'
 . !° Naphthoflavone. (25 pM)
— ♦ SKF 525A (10 pM)20
10
2 6 Time (hours) 24
10 day old culture
70
60
+j +j
40
• Phenobarbitone BP (100 pM) 
Control
^-Naphthoflavone (25 pM) 
SKF 525A (10 pM)
30
10
2 6 Time (hours) 24
Rabbit hepatocytes maintained in culture for 12 hours received fresh culture 
medium containing one of the substrates shown above i.e. phenobarbitone, SKF 525A 
ore*, -naphthoflavone. 36 hours later aminopyrine was added to the culture medium
of all groups to give a final concentration of 1 mM. At the selected time 
intervals (2, 6 and 24 hours) samples of growth medium were removed and assayed 
for 4-aminoantipyrine. t
All groups were then washed in PBS'A' and received fresh culture medium. On day 
7 following the initiation of the cultures the groups were once again treated with 
the substances. 48 hours later aminopyrine was added to give the same concentration 
used previously and the amount of 4-aminoantipyrine present in the culture medium 
was assayed for at the selected time intervals.
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Figure 4.13 A comparison of the effects of various agents on aminopyrine
metabolism in rabbit hepatocytes maintained in culture for
3 and 10 days.
3 day old culture
0.35,
0.3 —Phenobarbitone BP (100 pm)
0:25
Control0.2
r-< Naphthof lavone (25 pm)0.15
SKF 525A (10 pm)
0:05-
24Time (hours)
10 day old culture
0.35-
0.25-
0.2
Phenobarbitone BP (100 pM)
0.15 Control
Naphthoflavone (25 pM)
--- SKF 525A (10 pM)
0.05-
Time (hours)
Rabbit hepatocytes maintained in culture for 12 hours received fresh culture 
medium containing one of the substrates shown above i.e. phenobarbitone,
SKF 525A or-naphthoflavone. 36 hours later aminopyrine was added -to the 
culture medium of all groups to give a final concentration of 1 mM. At the 
selected time intervals (2, 6 and 24 hours) samples of growth medium were removed 
and assayed for formaldehyde content.
All groups were washed with PBS'A' and received fresh culture medium. On day 
7 following the initiation of the cultures the groups were once again treated 
with the substances. 48 hours later aminopyrine was added to give the same 
concentration used previously and the amount of formaldehyde present in the 
culture medium was assayed for at the selected time intervals.
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Figure 4.14 A comparison of the effects of various agents on ethylmorphine
metabolism in rabbit hepatocytes maintained in culture for 3 and
10 days.
3 day old culture
0.35-
0.25.
Phenobarbitone BP (100 pM)0.2
0.15 - Control
c^Naphthoflavone (25 pM) 
SKF 525A (10 pM)
0.1
0.05 .
Time (hours) 24
10 day old culture .
0.35 .
0.25
0.15 . -* Phenobarbitone BP
— * Control
 b ©<Naphthoflavone
 * SKF 525A (10 pM)0.05
Time (hours)
Rabbit hepatocytes maintained in culture for 12 hours received fresh culture medium 
containing one of the substances shown above i.e. phenobarbitone, SKF 525A or 
'■X. -naphoflavone. 36 hours later ethylmorphine was added to the culture medium of
all groups to give a final concentration of 0.1 mM. At the selected time intervals 
(2, 6 and 24 hours) samples of growth medium were removed and assayed for formal­
dehyde content.
r
All groups were then washed in PBS'A' and received fresh culture medium. On day 
7 following the initiation of the cultures the groups were once again treated with 
the substances, 48 hours later ethylmorphine was added to give the same concen­
tration used previously and the amount of formaldehyde present in the culture 
medium was assayed for at the selected intervals.
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Figure 4.15 A comparison of the effects of various agents on biphenyl metabolism
in rabbit hepatocytes maintained in culture for 3 and 10 days.
3 day old culture
Phenobarbitone BP (100 pM)
0.25.
0.2 Control
0.15.
_o ex Naphthof lavone (25 pM) 
—• SKF 525A (10 jiM)
0.1
0.05 -
2 6 Time (hours) 24
10 dav old culture
0.25 .
Phenobarbitone BP (100 pM)__ —x
 * Control
. c <x Naphthof lavone (25 pM)
0.15 .
0.1
SKF 525A (10 pM)
0.05 _
2 6 Time (hours) 24
Rabbit hepatocytes maintained in culture for 12 hours received fresh culture medium 
containing one of the substrates shown above i.e. phenobarbitone, SKF 525A or 
ex -naphthoflavone. 36 hours later biphenyl was added to the culture medium of all
groups to give a final concentration of 0.1 mM. At the selected time intervals 
('2, 6 and 24 hours) samples of culture medium were removed and assayed for 
4-hydroxybiphenyl content.
All groups were washed with PBS'A1 and received fresh culture medium. On day 7 
following the initiation of the cultures all groups were once again treated with the 
substances. 48 hours later biphenyl was added to give the same concentration used 
previously and the amount of 4-hydroxybiphenyl present in the culture medium was 
assayed for at the selected time intervals.
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f igure 4 . x d  m e  m e Lajjpusm ox^.-'n/oenzo pyrene uo a i K a n - e x u r a c u a m e  
derivatives.
22 _
20
18 -
16 -
14*-
12
2 4 482412
Time (hours),
t
Rabbit hepatocytes maintained in culture for 3 days received fresh 
culture medium containing Z"^H_7 benzo C0*) pyrene.
At the selected time intervals i.e. 2, 4, 12, 24 and 48 hours, 
samples of culture medium were removed and assayed for alkali- 
extractable Z"b©cP_7 metabolites.
Figure 4.17 Metabolism of benzo (**)pyrene by cultured hepatocytes
V
IV
III
IV
Solvent front
a) freshly isolated hepatocytes incubated in growth medium containing benzo («*) pyrene
(enzyme treated)
V
origin
IIIIV
II
Solvent front
b) hepatocytes maintained in culture for 10 days, prior to their incubation in culture 
medium containing l_ ^ H_7 benzo (») pyrene (enzyme treated).
Radiochromatographs of incubation mixture extracts after t.l.c. using benzene : ethanol 
(9:1) as the solvent system
VIV
origin
III II
Solvent front VI
c) Hepatocytes maintained in culture for 3 days prior to their incubation in
culture medium containing /^HJ  benzo(*)pyrene (enzyme treated).
origin
TV
Solvent front VI
III II
d) Hepatocytes maintained in culture for 3 days prior to their incubation in
growth medium containing \J benzo (*)pyrene (no enzyme treatment)
Radiochromatogram of incubation mixture extracts after tic using benzene : ethanol (9:1) 
as the solvent system.
CHAPTER 5 THE USE OF CULTURED HEPATOCYTES IN TOXICITY
AND CARCINOGENICITY TESTING.
Toxicity testing
The liver in vivo is highly susceptible to chemical damage 
presumably as a consequence of:
a) the ability of hepatocytes to concentrate chemicals intra­
cellular ly.
b) its ability to convert non-toxic agents to potentially toxic 
products, as in the production of carcinogens from 
pre-carcinogens.
Studies using cultured hepatocytes were undertaken in an attempt 
to develop an in vitro model for the detection of potential hepato- 
toxic chemicals.
Four parameters were used as indicators of hepatotoxicity:
1 . leakage of intracellular enzymes - presumed to result from 
injury to cellular membranes.
2 . histochemical appearance of the hepatocytes.
3. inhibition of protein synthesis.
4. electron microscopy related to hepatotoxicity.
1 Leakage of enzymes from hepatocytes <
The levels of the various enzymes in the growth medium, after 
exposure of the cultured hepatocytes to differing concentrations of 
allyl alcohol and dimethylnitrosamine (DMNA) for periods of up to
60 hours, are shown in Figures 5.1 to 5.7.
It was found that the degree and rate of leakage of an enzyme 
depended on the concentration of chemical in the incubation medium 
and the duration of exposure of the hepatocytes.
DimethyInitrosamine at concentrations of 50, 100, 200 and 
500 pg/ml caused leakage of the enzymes GOT and GPT (Figures 5.1 
and 5.2) from hepatocytes into growth medium in amounts significantly 
greater than those in the control cultures (which received 0  jag/ml). 
However the production of measurable amounts of these enzymes required
an exposure time of up to 2 0 hours.
Exposure of the hepatocytes to dimethylnitrosamine also 
resulted in the leakage into the growth medium of the enzymes alkaline 
phosphatase and leucine amino peptidase (LAP) (Figures 5.3 and 5.4). 
Although the differences in the enzyme levels between control and 
treated cultures was not so great as those for the transaminases, a 
distinct dose related response was still evident.
Exposure of the cells to allyl alcohol at concentrations of 10, 
100 and 500 pg/ml led to appreciable leakage of GOT and GPT into the
growth medium, an effect not observed in the control cultures
(Figures 5.5 and 5.6). The levels of the other enzyme measured,
& -glutamyl transpeptidase (^-GT), was also raised in the growth : 
medium of cultures treated with allyl alcohol (Figure 5.7) , although 
not as markedly as those of the GOT and GPT.
(
1.2 Histochemical studies on the effect of t'oxins in cultured hepatocytes.
The hepatotoxic effects of dimethylnitrosamine and allyl alochol
on cultured hepatocytes were also estimated by changes in the 
intracellular activity of the enzymes NADH - diaphorase and non­
specific esterase, indicated by an alteration in the intensity of 
the staining reaction measured automatically on a Vickers M85 
scanning microdensitometer*
After 24 hours treatment with 1, 10 and 100 pg/ml of DMNA the 
hepatocytes showed little change in morphology or esterase activity, 
and, following a further 24 hours of treatment, non-specific esterase 
could still be found in their cytoplasm (Figure 5.8). In the cultures 
receiving 1 0 pg/ml the staining reaction was slightly stronger than i 
in the control cultures, but there was no marked change in the inten­
sity of enzyme activity in cultures treated with 1 and 100 pg/ml DMNA.
Diaphorase activity was not appreciably affected in cultures 
incubated with 1 and 10 jig/ml of DMNA. In those treated with 100 hg/ml 
there was no significant alteration for up to 1 2 hours, but after 
this time the cells began to lose their enzyme activity, the 
depression remaining moderate in extent after a 48 hour exposure 
(Figure 5.9).
Hepatocytes treated with 10 and 100 pg/ml of allyl alcohol for 
1 2 hours showed a decrease in diaphorase activity compared to the 
controls. This reduction in enzyme activity was maintained after a 
further 36 hours of incubation. A slight depression of enzyme 
activity was also noted in the control cultures and those treated 
with 1 pg/ml (Figure 5.10).
r
Esterase activity was slightly increased in cultures incubated 
with allyl alcohol (100 for 24 hours, and the higher level
being maintained for a further 24 hours, A small reduction in 
esterase activity was noted in cultures incubated with 1 and 
10 pg/ml allyl alcohol (Figure 5.11). Prolonged incubation of 
hepatocytes with allyl alcohol (100 ;ug/ml) caused a reduction in 
esterase activity, considerable levels remained even in necrotic 
cells.
1.3 Inhibition of protein synthesis
The studies showed that 4 hour incubation of cultured 
hepatocytes in growth medium containing dimethylnitrosamine (at 
concentrations up to 500 jig/ml)(for up to 4 hours) had no significant 
effect on the ability of the cells to incorporate L-£4,5 - leucine. 
After this time the incorporation of the labelled amino acid by 
hepatocytes incubated in the presence of 100 and 500 pg/ml of DMNA 
was reduced. A small inhibition observed in cultures treated with 
10 pg/ml was probably insignificant. The decrease in the amount 
of incorporation of /.^H^7leucine into hepatocytes treated with 
500 pg/ml of DMNA for 24 hours was presumably due to the removal of 
large numbers of dead or dying cells when the culture was washed prior 
to its processing for scintillation counting.
1.4 Changes indicated by dimethylnitrosamine in the fine structure of 
cultured hepatocytes.
Incubation of 3 day old cultures of hepatocytes with dimethyl­
nitrosamine (1 and 1 0 jig/ml) resulted in no observable morphological
t
alterations of the nuclei, mitochondria, lipid vacuoles and glycogen. 
The treated cultures however did show hyperplasia of the smooth
endoplasmic reticulum and disorganisation, dilation and fragmentation 
of the rough endoplasmic reticulum with a loss of ribosomes from the 
latter (Plates 5.1 and 5.2).
Carcinogenicity testing 
DNA repair
Autoradiographic measurement of DNA synthesis in hepatocyte 
cultures had shown that only a very small number of cells (probably - 
not hepatocytes) were synthesizing DNA. The majority of cells had 
a net nuclear grain count of 6 - 1 2  this being increased slightly 
if freshly isolated cells were used.
A 4 hour treatment of the hepatocyte cultures with varying 
concentrations of carcinogens and procarcinogens in 9-aminoacridine, 
N-methyl-N-nitro-N-nitrosoguanidine (MNNG) benzo (ex) pyrene, dimethyl­
nitrosamine and 2-acetyl-aminofluorene followed by an 8 hour 
incubation in fresh medium containing thymidine resulted in light
nuclear labelling, the counts increasing slightly with the dose; the 
mean counts of the treated cultures, however, were not significantly 
different from those of the control that had been treated with DMSO 
alone.
The failure of carcinogens to elicit repair synthesis was 
considered to be due to the short treatment interval (4 hours); 
further experiments were therefore performed to determine if longer 
exposure (48 hours) of the cells to the carcinogens in medium 
containing Z"3H7-thymidine would increase the sensitivity of the assay. 
Unfortunately the longer treatment failed to induce a greater uptake
of r^J-thymidine an(^  t*1® number of grains per nucleus remained 
at the same level as with the 4 hour exposure.
Bacterial mutation assay (modified Ames test)
Bacterial mutation tests using hepatocytes as the activating 
agent and Salmonella typhimurium strains TA1535 and TA1538 as the 
indicator organisms were performed with the procarcinogens 
benzo (<*) pyrene, 2-acetylaminofluorene and^-naphthylamine as the 
test agents. The mean number of revertant colonies of the tester 
strains after treatment are shown in Table 5.1.
Total bacterial counts at the 10”-*-, 10“^, 10“ ,^ and 1 0 ”®dilutions 
provided a check on the tester strains, low colony counts at 1 0“ 1 
dilution when cells were plated onto histidine deficient agar 
indicated that the strain was maintaining a low spontaneous mutation 
rate; high colony counts at the 1 0 - 6 and 1 0“ ^ dilutions indicated 
that the viability of the strain was good.
The results show that the procarcinogens were metabolised by 
the cultured hepatocytes and the active metabolites were released 
from the cells allowing them to induce mutation in the test bacterium.
DNA damage/alkaline elution assay
The effect of direct exposure of L5178Y cells to N-methyl-N- 
nitro-N-nitrosoguanidine (MNNG) is shown in Figure 5.12. A 
90 minute exposure to MNNG caused a dose-dependent increase in the 
rates of [^"3H_7 DNA elution from the filters.
In the absence of cultured hepatocytes, 2-acetylaminofluorene
r 3 -did not cause increased elution of U H_/DNA. However, dose related 
increases in DNA elution were detected when it was tested in the 
presence of cultured hepatocytes (Figure 5.13) showing that 2-acetyl- 
aminofluorene required activating to induce DNA damage to the 
lymphoma cells.
Discussion of results 
Toxicity studies
From the evidence obtained in this study that many morphological 
and metabolic features of functional differentiation will persist in 
the cultured cells for several days they appeared well suited to be 
used as a tool with which to study toxic hepatic damage with a view 
to using hepatocytes as a model for determining the possible hepato­
toxicity of new compounds. Also since the hepatocyte cultures had 
been shown to be capable of metabolising procarcinogens, i.e. 
7,12-dimethylbenzanthracene and benzo(**)pyrene they were used as 
the metabolising system in tests to screen suspected chemical 
carcinogens.
As drug induced cell injury has been shown in vivo and in vitro 
(Zimmerman, 1974) to be associated with the leakage of intracellular 
enzymes a study of the leakage of selected enzymes was used to see 
if the chemicals dimethylnitrosamine (DMNA) and allyl alcohol 
damaged the hepatocytes or altered the permeability of their membranes. 
The enzymes chosen for study were glutamic oxaloacetic transaminase 
(GOT), glutamic pyruvate transaminase (GPT), alkaline phosphatase, 
leucine amino peptidase (LAP), and K-glutamyl transpeptidase (^-GT), 
all of which are principal enzymes which pass into the blood during
an acute or chronic intoxication of the liver.
The results of the study support the idea that exposure of 
3 day old cultures of hepatocytes to toxins leads to a significant 
increase in cytoplasmic enzymes in the surrounding growth medium. 
Although in the studies described here there was no comparison of 
the response of hepatocytes and non-hepatocytes to the chemicals 
and no investigations into what effect chemically related hepato- 
toxins and non-hepatotoxins had on the cells, other investigators 
Dujoune (1959), Zimmerman (1974), and Abernathy (1975), have 
detected differences in the hepatotoxicity of closely related 
chemicals by measuring enzyme leakage from freshly isolated adult 
rat hepatocytes and Chang liver cells. There are however problems 
associated with using liver cell lines or freshly isolated hepato­
cytes. Long-term cultures of liver cells seldom retain the 
properties of differentiated hepatic parenchymal cells and thus 
may not be capable of metabolising the test compound to its ultimate 
toxic form, and although freshly isolated cells do possess the 
majority of hepatic functions the possibility exists that their 
membranes may have been modified by the enzymes used in the isolation 
procedures, resulting in the cells being more permeable to the influx 
of toxic material or the release of intracellular enzymes. It is 
therefore proposed that it would be preferable to use hepatocytes 
which had been in culture for 24 hours or more, by which time they 
will have recovered from the trauma of isolation and repaired any 
damage to their cell membranes (Bonney et al 1974, 1975) .
(
In conjunction with measurement of enzyme leakage into the 
culture medium the determination of intracellular enzyme levels was
used to assess the toxic actions of DMNA and allyl alcohol. It was 
hoped that exposure of the cells to the desired concentration of 
the chemical with subsequent enzyme histochemistry would make it 
possible to quantify the enzyme levels in the intact cell and thus 
to determine the condition of the cell during life.
Of the two enzymes measured (non-specific esterase and NADH- 
diaphorase) the former would appear to react less strongly and 
promptly to liver cell damage, as esterase activity was little 
influenced following treatment of the cultured hepatocytes with 
DMNA or allyl alcohol. Cellular diaphorase activity was found 
to decrease in cultures treated with increasing concentrations of 
the chemicals and was therefore considered.to be a more: .sensitive 
indicator of-cell damage.
Slight increases in esterase activity were noted in some 
hepatocytes treated with allyl alcohol, such as increase in enzyme 
activity is not uncommon and has been suggested by Rees and Sinha 
(.1961) to be due to the production by damaged cells of an augmented 
quantity of enzymes which are then liberated into the surrounding 
medium.
In all cultures examined the distribution and activity of the 
two enzymes, esterase and diaphorase were remarkably uniform. This 
differed from findings in vivo as Wachstein (1959) has shown that 
there are zonal differences of cell organelles within the hepatic 
lobule which result in obvious differences in enzymatic staining 
reactions. The reason for the uniformity in staining reactions 
in yitro could be due to either, the selection in culture of cells
obtained from similar zones in the liver, or to the more uniform 
environment of the cell population in vitro. Of the two alternatives 
the second would seem to be more realistic. These results imply 
that although heterogenous cell populations obtained from liver can 
be subfractionated into centro- and perilobular hepatocytes they 
may very well lose their zonal differences after being maintained 
in culture for any length of time, therefore anyone wishing to study 
differential responses of centro- and perilobular hepatocytes to 
chemicals in vitro may be well advised to use freshly isolated cells.
It is suggested that especially as.enzyme activities in 
cultured hepatocytes are fairly uniform, it may be feasible to use 
the measurement of enzyme activity in cultured hepatocytes as an 
index of chemical toxicity, although it would perhaps be more 
sensitive to quantify enzymes such as glucose-6-phosphatase which 
has been shown in vivo to respond more dramatically to cell damage 
(Wachstein 1963). ^
The decreased capacity of cultured hepatocytes treated with 
DMNA to incorporate ,/~^H_7leucine into protein is in agreement with 
earlier in vitro investigations which involved the use of liver 
slices (Hulton et al 1960). As it was necessary to incubate the 
hepatocytes in the presence of the DMNA for over 4 hours before any 
inhibitory effects on leucine incorporation was detected, over 2 0  
hours before any enzyme leakage occurred and over 24 hours before 
intracellular enzyme levels were depressed, it is possible that some
metabolite of DMNA rather than the amine itself is the toxic substance
(
and that the production of this metabolite was rather slow. The 
toxic metabolite would appear to exert its toxic effect by inhibiting
protein synthesis and reducing the respiratory enzyme NADH-diaphorase 
which is believed to be the flavoprotein component of the mitochon­
drial respiratory chain (Altman, 1972). An ultra structural exam­
ination of DMNA treated hepatocytes was undertaken in an attempt 
to find a correlation between the biochemical lesions and cellular 
organisation. The study showed that inhibition of amino acid 
incorporation was accompanied by cellular swelling, with loss of 
ribosomes, of the rough endoplasmic reticulum and minimal hyper­
plasia of the smooth endoplasmic reticulum. No specific changes 
were seen in the mitochondria even though the chemical was shown 
to disturb the metabolic function of the organelle.- It would 
appear therefore that the endoplasmic reticulum bears the brunt 
of the damage caused by a non-specific toxic metabolite.
A point of interest was the degeneration of the rough endo­
plasmic reticulum caused by DMNA, since Butler (1966); Williams and 
Rabin (1968) have proposed that interference with membrane-ribosome 
association is a property of carcinogens. However, it is not 
possible on the basis of one experiment to speculate as to whether 
or not it was the carcinogenic or toxic properties of the DMNA which 
removed the ribosomes from the microsomal membranes.
In the case of allyl alcohol toxicity the response of the cells 
was more rapid than in DMNA toxicity, this suggests that the 
chemical itself is toxic, has a different mechanism of toxicity, or 
that it is converted more rapidly to its toxic metabolite (s) than 
is DMNA.
t
Carcinogenicity studies
For the detection of carcinogens an attempt was made to use 
cultured hepatocytes in a relatively simple DNA repair assay and
to compare quantitatively repair systems induced by various chemicals.
Most attempts to quantitate repair replication in mammalian cells
3
have involved either measuring the incorporation of l_ H_7 *"thymidine
into DNA using either scintillation counting (Lieberman et al 1971;
Voiculetz et al 1975; Williams 1976) or autoradiography (San and
Stich 1975; Stich et al 1975; Williams 1977). In the study
described here only autoradiography was used to detect repair since
in a non-dividing cell population there is a tendency for thymidine
to be incorporated into extranuclear RNA and protein (Goldspink
and Goldberg 1972). Also since only small amounts of thymidine
are incorporated, any minor differences in the condition of the
cells, or the concentration of the specific activity of the
thymidine could have affected the actual number of counts incorpor-
— 3
ated into DNA. For these reasons the measurement of Z H_/”thymidine 
incorporation into acid-precipitable components may not be 
quantitatively valid. Using autoradiography lipid, RNA and protein 
etc. are more diffusely distributed throughout the cell so that the 
density of grains attributable to substances other than DNA will 
be less pronounced than those over the nucleus.
Comparison of the extent of repair synthesis following treatment 
of the hepatocytes with carcinogens and non-carcinogens showed that 
treatment of the cells with carcinogens produced no stimulation of 
thymidine incorporation. These observations are quite different 
from those of Williams (1976, 1977) who observed unscheduled DNA 
synthesis in primary rat liver cell cultures treated with different 
classes of chemical carcinogen and pro-carcinogens.
t
Using the protocol' of presenting the carcinogens first followed
3
by L H J -thymidine no repair could be detected. Williams (1977) 
also reported that if he followed this procedure he could not detect 
repair synthesis in hepatocytes treated with dimethylnitrosamine. 
However he found that the simultaneous treatment of the hepatocytes
 3
with the carcinogen and hJ7 “thymidine yielded positive results. 
This second protocol had previously been used in this study (with 
even longer exposure times than those suggested by Williams) but 
also failed to elicit repair processes in the cells.
The difference in the results may be due to a number of
factors:
a) Williams used rat hepatocytes which may be more susceptible
to damage by carcinogens than the rabbit and monkey hepatocytes 
used in this study.
b) the physiological condition of the cells may be different; 
Williams cultured cells on a plastic substratum in Williams’s 
medium containing 1 0 % foetal calf serum in a gas phase of air : 
5% C02, whereas the monkey and rabbit hepatocytes in the study 
described here were maintained on glass coverslips in Medium 
199 containing 10% calf serum. However, the hepatocytes on
glass appeared ’normal’ and there was no reason to believe they
were metabolically inactive.
c) fresh cultures of rabbit hepatocytes (i.e. those which had
just attached to the glass) showed a greater capability for 
/-3
the uptake of H_/-thymidine than those maintained in culture
(
for 24 hours. This was believed to be due to alterations in 
the cell membrane caused by the isolation procedures, the older
cultured cells having repaired any membrane damage. It is possible 
that the hepatocytes of Williams had not repaired the damage caused 
by isolation resulting in their membranes being more permeable to 
the influx p-f molecules such as Z" h J? -thymidine and sensitive to 
damage by the test compounds.
A major problem with using non-dividing hepatocyte cultures 
for carcinogenicity testing is that such cells are not very 
vulnerable to attack by carcinogens. Experiments undertaken on 
rat liver in vivo have demonstrated that regenerating liver is 
more susceptible to the action of chemical carcinogens than is 
resting liver (Pound 1968; Craddock 1973) and both in vivo and 
in vitro investigations have proved.that dimethylbenzanthracene 
binds more extensively to the DNA in dividing rat hepatocytes than 
to quiescent liver (Marquardt et al 1971). Investigations by Cox 
et al on DNA damage and repair in regenerating liver in vivo showed 
that the rate and induction of hepatic DNA damage and repair can 
take up to 48 hours whereas in tissue culture damage and repair 
takes place more rapidly, e.g. 90 minutes (Stich et al 1975).
These observations have been interpreted by certain authors 
as indicating that proliferating cells especially S phase cells 
are the most sensitive to the actions of chemical carcinogens 
(Marquardt et al 1970, 1971). Peterson et al (1974) investigating 
DNA damage and repair in synchronized mouse fibroblasts found that 
repair occurred at a rapid rate in cells treated before or shortly 
after the commencement of DNA synthesis, but in cells treated where 
DNA synthesis was blocked no repair was detected until thay were 
released from the block. Marquardt (1974) also working with
synchronized mouse fibroblasts demonstrated that cells treated 
in or S phase of the cell cycle were more susceptible to 
malignant transformation than those treated in G 2 or M phase.
It is therefore conceivable that the cultured hepatocytes 
behaved as they would in vivo, in that their DNA was not very 
susceptible to chemical damage and even if lesions were caused, 
as the cells could not divide it is unlikely that they could repair 
them. Thus since induction of DNA damage and repair in liver is so 
different than that in other cells in culture perhaps it is not 
surprising that DNA repair could not be detected using the test 
systems described in this study. It is possible that the hepatocytes 
Williams used in his test system had not lost their ability to divide 
and were therefore both vulnerable to DNA damage and able to repair 
it.
Conclusion
The results obtained in the experiments described above indicate 
that the unjurious effects of chemicals on cultured hepatocytes may 
be reflected not only in the morphological alterations (as-seen in 
the EM studies) but also by the quantitative redistribution of c 
cellular enzymes within the cells and among the culture components, 
i.e. cells and culture medium.
The increase of culture medium enzyme activity and changes in 
intracellular enzyme levels (detected by quantitative histochemical 
techniques) would appear to provide excellent parameters for the 
assessment of toxicity by tissue culture. Although it is also
possible to use the electron microscope examination of hepatocytes 
to detect ultra structural changes brought about by the action of 
toxins, because of the specialised equipment and expertise required, 
the method does not lend itself as a routine assay for the in vitro 
detection of hepatotoxins.
The measurement of changes in extra- and intra-cellular enzyme 
levels may thus prove useful as routine methods for the detection 
of chemicals with any liver damaging properties, be it primarily 
an injury of membranes or of an intracellular organelle. However - 
since enormous differences in sensitivity can be produced by 
changing the conditions of assay (i.e. cell density, time of exposure 
of cells to toxins) Freshney et al (1973), it is critical that each 
laboratory should perform these assays under defined conditions, 
chosen for their reproducibility.
Using cultured hepatocytes to detect the effect of test agents 
on cells has all the advantages which tissue culture systems have 
over in vivo studies i.e. the direct action of the agent can be 
analysed in detail in the simple, carefully controlled, environment 
of a culture; together with the added advantage of possessing the 
capability for metabolising the agent. However, like all tissue 
culture systems it has two great limitations, first it cannot be 
assumed that the tissue will respond the same way in vitro as it 
does in vivo, and secondly a tissue culture system cannot detect 
what effect an agent may have on other organs.
The results of the carcinogenicity studies would indicate that 
although cultured hepatocytes cannot be used as the indicator of 
genetic damage as well as the metabolic activator in the DNA repair
test, they were shown to be capable of activating procarcinogens in 
other test systems. The adult mammalian hepatocytes were used as 
the metabolizing feeder system for bacterial strains and established 
lines of mouse lymphoma cultures in studies of procarcinogen induced 
carcinogenicity. Treatment of a mixed culture of hepatocytes and 
bacteria with benzo (*)pyrene, /-naphthylamine and 2-acetylaminofluorene 
resulted in an increase in the incidence of bacterial mutants, as 
indicated by their ability to grow on histidine deficient culture 
medium, while the treatment of a mixed culture of hepatocytes and 
lymphoma cells with 2-acetylarainoflurene caused the production of sub- 
molecular fractions in the DNA molecule of the lymphoma cells which 
were preferentially eluted by alkaline solutions. Thus, although 
the response of the indicator organisms (bacteria and mouse lymphoma 
cells) to the activated carcinogen was not markedly increased when 
hepatocytes were used as the metabolizing system the results do 
demonstrate the feasibility of this mixed cell co-incubation system 
in assessing the carcinogenicity of chemicals and their metabolically 
activated toxic entities.
Although obviously,risk estimations for humans cannot be 
predicted solely on results obtained from in vitro studies using 
mixed cultures of hepatocytes and bacteria or lymphoma cells 
described above, it should be possible to obtain some estimation 
of human risk by combining the data obtained from such studies with 
other in vitro or in vivo investigations.
Since it was not the object of the study to compare systems for
t
the detection of carcinogens and/or mutagens but only to ascertain if 
whole liver cells could be used as a metabolising system the 
relative merits of the bioassay will not be discussed.
Table 5.1 Ames test using hepatocyte culture as the metabolic
activating system. 
Summary of mutation data
I—1 1o 
1—1 K r 6
C"*!orH 001o 
1-1
Strain Cone.
S.typhimurium Compound . pg/ml Hist- Hist+ Hist+ Hist+
10.1 161 * * 96
TA 1535
o6-naphthyl-
amine 5.0
148 * * 84
1.0 68 * * 63
10.0 204 * * 160
2-acetyl-
TA 1538 amino-
fluorene
1.0 27 * * 154
0.1 6 * * 127
10.0 89 * * 180
TA 1538
benzo («) - 
pyrene 1.0
2 * * 117
0.1 8 * * 146
TA 1535 DMSO 10,0 10 * * 117
TA 1538 DMSO - 7 * * 132
* = too many colonies to count.
Figure 5.1 Glutamic oxaloacetic acid transaminase (GOT)
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Concentration of dimethylnitrosamine in the culture medium (jig/ml)
Level of activity of GOT in culture medium after exposure to dimethylnitrosamine 
for periods ranging from 12 to 60 hours at 37°C.
Concentrations of DMNA are shown along abscissa; values for the mean of
serum enzyme (lU/litre) are shown by height of bars.
Figure 5.2 Glutamic pyruvate transaminase (GPT)
1U/litre
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Concentration of dimethylnitrosamine in the culture medium (yg/ml)
Level of activity of GPT in culture medium after exposure to dimethylnitro­
samine for periods ranging from 12 to 60 hours at 37°C.
Concentrations of DMNA are shown along abscissa; values for the mean of serum
enzyme (lU/litre) are shown by height of bars.
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Figure 5.3 Alkaline phosphatase
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Concentration of dimethylnitrosamine in the culture medium (jjg/ml)
Level of activity of alkaline phosphatase in culture medium after exposure to 
dimethylnitrosamine for periods ranging from 12 to 60 hours at 37°C.
Concentrations of DMNA shown along abscissa; values for the mean of serum
enzyme (KA units) are shown by height bars.
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Figure 5.4 Leucine amino peptidase (LAP)
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Concentration of dimethylnitrosamine in the culture medium
Level of activity of LAP in culture medium after exposure to dimethylnitro­
samine for periods ranging from 12 to 60 hours at 37°C.
Concentrations of DMNA are shown along abscissa; values for the mean of
serum enzyme (GP units) are shown by height bars.
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Figure 5.5 Glutamic oxaloacetic acid transaminase (GOT)
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Concentrations of allyl alcohol in the culture medium
Level of activity of GOT in culture medium after exposure to allyl alcohol 
for periods ranging from 6 to 48 hours at 37°C.
Concentrations of alcohol are shown alone abscissa; values for the mean
of serum enzyme (lU/litre) are shown by height of bars.
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Figure 5.6 Glutamic pyruvate transaminase (GPT)
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Concentrations of allyl alcohol in the culture medium (^ ig/ml)
Level of activity of GPT in culture medium after exposure to allyl alcohol for 
periods ranging from 6 to 48 hours at 37°C.
Concentrations of alcohol are shown along abscissa; values for the mean of
serum enzyme (lU/litre) are shown by height of bars.
Figure 5.7 Y  - Glutamyl transpeptidase ( V  GT)
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Level of activity of VGT in culture medium after exposure to allyl alcohol for 
periods ranging from 6 to 48 hours at 37°C.
Concentrations of alcohol are shown along abscissa; values for the mean of
serum enzyme (mU/ml)are shown by height of bars.
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Figure 5.8 The effects of dimethylnitrosamine on the non specific
esterase activity in cultured hepatocytes.
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Each point represents the average enzyme activity in 10 cells of 
duplicate cultures.
(enzyme activity was estimated on a Vickers M85 Scanning MicrodensiC' 
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Figure 5.9 Effects of dimethylnitrosamine on diaphorase activity
in cultured hepatocytes
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Each point represents the average enzyme activity in 10 cells 
of duplicate cultures.
(enzyme activity was estimated on a Vickers M 85 Scanning Microdensiotometer)
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Figure 5.10 Effects of Allyl alcohol <?n diaphorase activity
in cultured hepatocytes
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of duplicate cultures. .
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esterase activity in cultured hepatocytes.
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•4 1 pg/ml Allyl alcohol
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Treatment time (hours)
Each point represents the average enzyme activity in 10 cells of 
duplicate cultures.
(Enzyme activity was estimated on a Vickers M85 Scanning Microdensiotometer)
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Rates of elution of dna from L5178Y cells exposed to N-methyl-N^--
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Figure 5.13
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Rates of elution of £ H_7-DNA from L5178Y cells exposed to 
2-acetylaminofluorene (2-AAF) in the presence and absence of 
cultured hepatocyte activating system.
c — - —  -— °4 hours treatment without activation 
*------ X4 hour treatment with activation
r
fr—  - ----■» control cultures incubated in presence of DMSO ■-
Data is expressed as the per cent of the recovered radioactivity.
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P l a t e  5 . 1  E l e c t r o n  m i c r o g r a p h  o f  a  r a b b i t  h e p a t o c y t e  i n c u b a t e d  i n
c u l t u r e  m e d i u m  c o n t a i n i n g  d i m e t h y l n i t r o s a m i n e  a t  a
c o n c e n t r a t i o n  o f  1 0  p g / m l .  N o t e  h y p e r p l a s i a  o f  s m o o t h
r
e n d o p l a s m i c  r e t i c u l u m  ( s e r ) . a n d  l o s s  o f  r o u g h  e n d o p l a s m i c  
r e t i c u l u m  ( r e r ) .  ( x  5 , 6 0 0 )
P l a t e  5 . 2  E l e c t r o n  m i c r o g r a p h  o f  a  r a b b i t  h e p a t o c y t e  i n c u b a t e d  i n  
c u l t u r e  m e d i u m  c o n t a i n i n g  d i m e t h y l n i t r o s a m i n e  a t  a  
c o n c e n t r a t i o n  o f  1 0  p g / m l ,  N o t e  t h e  d i l a t i o n  o f  t h e  r o u g h  
e n d o p l a s m i c  r e t i c u l u m  C d i l  r e r )  a n d  l o s s  o f  r i b o s o m e s .
( x  2 2 , 5 0 0 )
CHAPTER 6 GENERAL DISCUSSION
From the results obtained from the study described here, together 
with the findings of other investigators cited throughout this disser­
tation, there is no question that isolated non-proliferating parenchymal 
livericells prepared from a variety of species which retain some important 
differentiated functions can be maintained in culture for several days.
The development of such systems which retain important properties of the 
liver are a useful tool with which to undertake investigations associated 
with hepatic metabolism and toxicity. However, their usefulness for 
long term studies on metabolic regulation, growth control and carcino­
genesis is limited by a short life span and their apparent inability to 
divide. It is therefore the object of this chapter to speculate on
(1) the feasability of extending hepatocyte maintenance in vitro,
(2) the production of dividing cultures of fully differentiated adult 
hepatocytes suitable for subcultivation, and (3) the relevance of the 
use of cultured hepatocytes in pharmacological investigations.
1. Possible factors important for the maintenance of non-dividing 
mammalian hepatocytes in culture.
1.1 Population-dependent requirements and their bearing on cellular 
differentiation and function.
If hepatocytes are to be used'in in vitro experiments which may 
last for days rather than hours it is necessary for them to survive 
and retain their differentiated functions, and an important factor 
for cell survival in culture is the common but poorly understood 
observations of the variability of culture survival in relation to 
the cell density of inoculum. The results of the studies described
here and those of other investigators (BisseH et al 1973 ; Wanson 
et al 1977) would suggest that the survival of hepatocytes in vitro 
is inhibited by a low ratio of cells to volume of medium, but that 
alteration of the medium (conditioning) by materials exuded by the 
hepatocytes favours survival of the cells. Therefore, the loss of 
function and ultimate death of the hepatocytes in monolayer culture 
may be due in part to too high a dilution by the culture medium 
of essential elements produced by the hepatocyte. However, if a 
sufficiently high population density of hepatocytes are used the 
medium can be "conditioned", i.e. the concentration of constituents 
in the culture medium and the intracellular environment can be 
brought to a level consistent with cellular survival and growth 
but pH control etc. is made more difficult. Also if the hepatocytes 
are restored into an "organized" cellular mass there is a greater 
chance of the culture medium in the micro-environment between the 
cells being more readily conditioned than culture medium in monolayer 
cultures - this is discussed later.
Another requirement for cell survival and differentiation may 
be the contiguity of the hepatocytes. It has been reported that 
normal hapatocytes in vivo communicate with each other at permeable 
intercellular junctions by the movement of ions or small molecules 
from one cell to another (Borek 1975) and it is probable that 
differentiation and survival of the hepatocytes in culture are 
important aspects influenced by factors resulting from group relations 
among cells.
Purity of cell population
A major problem in culturing liver cells is that the differ-
entiated hepatocytes are rapidly overgrown by other undifferentiated 
cells such as fibroblasts. Therefore, in order for hepatocytes 
to s'.urvive longer in vitro it may be necessary to remove or suppress 
the growth of other contaminating cell types (mainly fibroblasts).
To obtain pure cultures of hepatocytes it would of course be 
preferable to initiate the cultures with a pure cell population. To 
do this, it is necessary to fractionate the complex population of 
cells obtained after digestion of the liver with collagenase/hyal- 
uronidase into component subpopulations. In order to subfractionate 
the heterogeneous population a variety of methods have been used 
including filtration through nylon mesh (Seglen, 1973) washing 
(Howard et al 1967) and low speed centrifugation for short periods 
of time (Leffert 1977). It is of course unlikely that relatively 
simple methods such as these will result in the production of pure 
populations. Other investigators have gone further and submitted 
the isolated cell population to isopycnic centrifugation on- Ficoll 
density gradients (Castagna 1969 and Drochmans et al 1975) and 
Percoll (Pertoft et al 1977). The hepatocyte population subfraction­
ated on Percoll have been shown to continue to survive in tissue 
culture for up to 72 hours, however the survival time in culture 
of hepatocytes subfractionated on Ficoll gradients was not discussed. 
There are of course methods other than sedimentation and density 
gradient centrifugation which could possibly be used to subfractionate 
liver cells, these include counter-current distribution, electro­
phoresis and electronic separation by volume.
The physical basis of counter current and electrophoretic
f
separation of cells are not completely understood but it appears 
that they may both, be separating on the basis of the same cellular
parameter, surface charge density (Shortman 1972). Either could be 
complementary to both sedimentation and density separation.
Electronic cell separation by volume has so far found little 
practical application however with recent modifications to the 
basic apparatus it has proved possible to separate cells (Miller 
1973). In this type of system cells are suspended in a fluid jet 
and detected one at a time as they pass through a detector in the 
jet, e.g. Coulter aperture to measure cell volume (Fulwyler 1970). 
The cells of interest are then removed from the main jet.
Whether or not these physical methods of cell fractionation 
are compatible with the production of high yields of viable hepato­
cytes is not known, but since "rough handling" of hepatocytes leads 
invariably to cell death it is possible that the methods described 
above may have such an effect on hepatocytes which would limit their 
usefulness.
Other methods used for the production of pure cell populations 
have been devised to remove the contaminating cells from established 
cultures. Most of these methods do not completely eliminate fibro­
blasts and some employ such complex technical procedures that their 
usefulness is rather limited (for complete review see Fogh and 
Trempe 1975). Obviously methods such as cloning as used by 
Biberfield et al (1965) to propagate a rat liver cell line cannot 
be used if the hepatocytes do not divide or divide only very rarely.
The majority of procedures used for the elimination of fibro­
blasts fall into one of three categories, mechanical, enzymic and 
chemical.
The commonly used mechanical methods include scraping and 
cauterization of the undesired cells, Williams et al (1971 and 
Crisp et al (1972) destroyed contaminating fibroblasts by scraping 
them off with a flamed platinum wire. The results of the present 
study suggest that the method of culture may also play a role in 
the production of pure colonies of hepatocytes, as the hepatocytes 
maintained in roller culture were not so quickly overgrown as 
those in static culture. The cell aggregates in the roller cultures 
consisted solely of epithelial cells and were more stable in respect 
to shape and histological grouping than the hepatocyte colonies in 
static culture, which were interposed by fibroblasts. The other 
beneficial effect of rotary culture was the close adherence of 
the cells allowing for diffusion and retention of metabolites and 
nutrients essential for survival.
It has been reported that the proliferation of differentiated 
cells may be influenced by the substratum upon which they are 
plated as gelatin and other proteins have often been reported to be 
suitable substrata for cell outgrowth (see Moscona et al 1969) 
largely because they are thought to represent a more physiological 
approach to the problem of cell attachment and spreading. Coating 
culture dishes with a collagen film has also been reported to 
influence the differentiation of cells in vitro e.g. muscle 
(Konigsberg et al 1965) and salivary gland (Grobstein et al 1965) . 
However the deposition of gelatin and/or collagen on glass or plastic 
surfaces have not so far induced the proliferation of fully 
differentiated adult mammalian hepatocytes. '
Selective detachment of fibroblasts has been achieved by
treating mixed cultures with the enzyme trypsin. Owens (1976) 
reported that treatment of mixed cultures with trypsin (0.05%) and 
Versene (0.02%) in calcium and magnesium free saline caused the 
fibroblastic cells to detach from the substratum more rapidly than 
the epithelial islands. Williams et al (1971, 1973) using a 
similar method claimed that the epithelial cells detached more 
rapidly than the fibroblasts. It would therefore appear to be a 
matter of conjecture as to which cell type is more easily removed 
by trypsinization, although in the:present study trypsin was not 
successful in detaching hepatocytes from the substratum in a viable 
state.
Another method which has been suggested for removal of 
fibroblasts is the addition of mono-^specific fibroblast antisera to 
the hepatocyte cultures which would selectively destroy fibroblasts. 
The antisera would presumably be raised by injecting "hepatic" 
fibroblasts, obtained by digestion of the liver with an enzyme such 
as pronase, into animals of another species. Serum would be removed 
from the injected animals at various time intervals and the specific 
antibody purified. A major problem with this immunological method 
is that the 'hepatic' fibroblasts used to raise the antisera and 
the heterogeneous cell population to which the antisera is to be 
added must be obtained from the livers of the same pure inbreed 
strain of animals, if this is not done the antisera will not only 
destroy the fibroblasts but other cell types in the heterogeneous 
population. Thus since there are no pure inbreed strains of rabbits, 
monkeys and humans, this method has certain limitations.
f
Owens (1976) in attmepts to find a culture medium which could
selectively support the growth of epithelial cells tested several 
commercially available culture media but found they were all adequate 
for growth of fibroblasts, however the addition of increased amounts 
of amino acids, vitamins, and glucose increased the survival of the 
epithelial cells. Williams (1971) has also developed two types of 
culture medium, Williams Medium D which was designed for the culti­
vation of newborn rat liver cells in which the epithelial-like cells 
could be separated from the fibroblast-like cells on the basis of 
differential attachment and Williams Medium E designed for the 
preservation of polygonal cell types derived from adult rat liver. 
Both media are now commercially available together with MEM D-valine 
which is described as being able to allow the growth of normal 
epithelial cells whilst selectively inhibiting fibroblast prolifer­
ation. None of these media were used in the studies described here.
Leffert and Paul (1972, 1973), and Leffert et al (1977) also 
attempted to formulate a culture medium which would only support 
the growth of hepatocytes not by addition of chemicals to commerr.'. 
cially available medium but by replacement of the amino acid arginine 
by ornithine. The rationale of this was that most cells in culture 
require arginine for growth and survival whereas hepatocytes can 
synthesize the arginine they require from ornithine. They hoped 
therefore to select for arginine-synthesizing hepatocytes by plating 
isolated cells derived from foetal and adult rat liver in arginine- 
free medium containing 0.15% v/v dialysed foetal calf serum and 
ornithine. Unfortunately non-arginine synthesizing cells were found 
to survive the plating and these eventually multiplied. They
t
concluded that the non-hepatocytes probably obtained the arginine 
they required when the amino acid was either secreted into the
growth medium by the hepatocytes or released during cell lysis or 
proteolysis of the serum.
Using methods presently available it is unlikely that cultures 
of epithelial cells free from fibroblasts can be routinely obtained, 
however, by employing a combination of the methods described above 
it should be possible to keep the growth of fibroblasts to a 
minimum giving the hepatocytes a better chance of surviving in 
culture. It is perhaps worthwhile considering that pure populations 
of hepatocytes may not be as beneficial as first imagined for the 
production of dividing differentiated hepatocyte cultures because 
of the necessity for tissue interactions between differing cell 
types in order to maintain a differentiated state in vitro, with 
pure populations of hepatocytes these interactions which may be 
important are lost.
1.3 Nutrition of hepatocytes in culture
It is possible that once hepatocytes have been removed from 
the animal and placed in culture their structure and function have 
reached a state of disorganisation which cannot be reversed or 
prevented from progressing to necrosis by internal or external factors. 
However, assuming that there has been no irreversible loss of 
functional ability as a result of cell isolation, suitable manipu­
lation of the culture environment should prolong survival.
As deficiencies of substance(s) in commercially available 
culture medium may cause disturbances in hepatic enzyme systems 
resulting in cellular destruction and necrosis, a number of.authors 
have advocated the addition of a number of chemicals to culture .
medium in a hope that they would exert a compensatory effect. 
Williams et al (1971, 1977) formulated a medium containing a large 
number of trace elements which he claimed provided good support 
for the survival of adult rat hepatocytes. He also found the 
addition of dexamethasone to the culture medium increased the 
survival of the cells in culture. Other investigators have also 
shown dexamethasone to have a beneficial effect by inducing 
protein synthesis and stabilizing cellular and mitochondrial 
membranes (Gelehrter 1975).
The survival time of rat hepatocytes in culture has been 
reported to be doubled when insulin was added to"culture medium 
(Bernaert et al 1977). Benzo et al (1971) also reported that 
insulin induced the formation of glycogen, glycogen synthetase and 
smooth endoplasmic reticulum in chick embryo liver maintained on 
rafts over Eagles medium. They also speculated that enrichment 
of Eagles medium with additional glucose, amino acids and vitamins 
might permit development of smooth and rough endoplasmic reticulum, 
unfortunately the exact amino acids and vitamins which they hoped 
would bring about this phenomenon were not described.
Hepatic oxidative processes have been found to be influenced 
by the addition of chemicals. Bissell et al (1975) investigated 
the effect of many modified conditions of incubation on the 
concentration of cytochrome P-450 in primary cultures of adult rat 
hepatocytes. Standard medium other than L-15 were tested; calf, 
foetal calf and rat -serum were added, anti-oxidants and various
f
hormones were included in the medium. Unfortunately none of the 
various manipulations had any effect on the rapid decrease in
cytochrome P-450 content of the hepatocytes observed over the first 
24 hours of culture, however, after this initial decrease the 
addition of ascorbic acid to the culture medium was found to 
increase levels of cytochrome P-450. Thaler et al (1975) 
characterized tripeptides present in albumin which were found to 
prolong the survival of cultured hepatocytes by enhancing hepatic 
oxidative processes, lipid synthesis and binding of insulin to 
membrane receptor sites. In the study described here phenobarbitone 
was found to increase hepatic oxidative processes. Other invest­
igators have also reported that the addition of phenobarbitone to 
culture medium increased the cytochrome P-450 content in cultured 
hepatocytes (Mitchel 1975; Hays et al 1976).
Just as the addition of substances to culture medium may 
stabilize cellular enzyme systems, the removal of nonr-essential 
chemicals may have a similar effect, thus Bissell et al (1975) 
found that simplification of amino acid components of L-15 medium 
had a similar effect on the rat hepatocytes as the addition of 
ascorbic acid. Unfortunately, they failed to specify the amino 
acids which were omitted from the medium. Another potentially 
important piece of information reported by Bissell et al (1975) 
was that accelerated turnover of cytochrome P-450 was preceded 
by increased activity of haem oxygenase, therefore it is possible 
that inhibition of haem oxygenase would help in stabilizing the 
P-450 content of the hepatocytes. Data obtained from the investir: 
gations described above and those undertaken at the University of 
Surrey suggests that monitoring of cytochrome P-450 may be an  ^
especially sensitive index for detecting changes in hepatocytes and 
may thus be a useful parameter to measure when investigating the
suitability of culture medium for maintaining fully differentiated 
hepatocytes in vitro'.
In this study as in most other attempts to culture adult 
hepatocytes the choice of culture medium and supplements were 
determined empirically and this will possibly continue until much 
more is learned about the specific nutritional requirements of 
differentiated hepatocytes in primary culture.
Production of dividing cultures of fully differentiated hepatocytes.
Some general observations
Although the isolation of viable functional hepatocytes has 
proved to be relatively easy the maintenance of actively dividing 
’normal' hepatocytes in cell culture has proved difficult to 
achieve because highly differentiated cells such as hepatocytes do 
not divide in vitro, adult mammalian hepatocytes in vivo also 
demonstrate only rare cell division and show little turnover of 
DNA, and have a life span commensurate with the life of the organism. 
A number of cultures of liver derived cells have been reported:
Table 6.1.
Table 6.1 Some examples of liver cell lines
System
Differentiated function 
studied References
Chick embryo liver 
cell line
induction of aminolevulinic 
acid synthetase Granick, S. (1963)
Chick embry liver 
cell line
metabolism of aminopyrine 
and chlorecyclizine
Poland, A:, et al 
(1971)
Rat liver cell line albumin synthesis Kaighn, M. (1971)
Rat liver cell line tyrosine transaminase 
induction
Gerschenson, L.E. 
et al (1973)
Rat liver cell line cytochemical studies Williams, G.M. 
et al (1973)
Pig liver cell line metallothionein synthesis Daniel, M.R. 
et al (1977)
Although the majority of these cell lines do not possess typical 
hepatocyte morphology they do exhibit some biochemical differentiation, 
as indicated in Table 6.1. The reason for the simplification of structure 
but retention of specific properties is unknown but Grisham (1975) 
suggested that cell lines obtained from liver arise from a small in vivo 
population of culturally hardy hepatic stem cells which possess only 
selected properties of the mature hepatocytes. However Ludic (1963) in 
a review of liver regeneration reported that there is no evidence of a 
stem cell phenomenon the mitotic response being composed of mature 
hepatocytes dividing once or twice.
The typical hepatocyte in vivo before undergoing division 
shows a transient reduction in complexity of its organelles during 
the initial response to a mitotic stimulus, before entering S phase 
however, it regains its highly specialised structure. It is 
possible that in vitro the dividing cells undergo this simplification 
of structure but are then (possibly due to :the absence of some 
factor from the culture medium) unable to revert back to the fully 
differentiated state resulting in the production of cells with a 
'simple* structure but possessing some differentiated properties.
Culture of hepatocytes from partially hepatectomised animals
Although the liver in vivo is normally a stable relatively 
quiescent tissue it does possess a great capacity for mitosis in 
response to a suitable stimulus such as loss of a significant number 
of cells. A number of chemicals have also been reported to produce 
mitosis but it is generally assumed that this is simply due to 
regeneration following damage (Becker, 1970). A number of invest­
igators have attempted to use this phenomenon to stimulate cell 
division in vitro; lype (1971); Bissell et al (1973, 1975) and 
Bonney et al (1974); and La Brecque et al (1975) attempted to 
culture dividing hepatocytes from the livers of animals which had 
undergone partial hepatectomy. Although several authors reported 
maintaining monolayers of hepatocytes in culture for 5 - 1 0  days 
there are no reports of the maintenance of actively dividing 
differentiated hepatocytes which could be successfully subcultured.
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It would therefore seem possible that the isolation and 
culturing of hepatocytes (even from regenerating liver) results in
the inactivation of labile cells or humoral factor(s) resulting 
in the suspension of cell division and in order for mitosis to 
resume the cells must be incubated in the presence of some mitogenic 
stimulant at present lacking from their environment. There have 
been many attempts to demonstrate and characterise the mitogenic 
stimulant, but these so far have been unsuccessful.
Nutritive needs of dividing hepatocytes in culture
A number of studies have been undertaken in an attempt to 
improve the micro-environment of the cells in culture and regulate 
DNA synthesis by the addition of tissue specific nutrients or 
hormonal factors which are. .not normally present in commercially 
available culture medium. Leffert and Paul (1972, 1973) isolated 
two factors from foetal calf serum, substances which were required 
for the survival, attachment and growth of foetal rat liver cells 
cultured in arginine-deficient medium. They also found that the 
cells responded to cultivation in medium supplemented with serum 
from partially hepatectomised rats by an increased incorporation 
of l_ ^H_7~thymidine and £  3n__/-leucine into trichloroacetic acid- 
precipitable material. Glinois. (1949, 1951) also reported that serum 
taken from partially hepatectomised rats increased the uptake of 
radioactive phosphate by explants derived from embryo: rat liver and 
the uptake of ZT^H_7-thymidine by explants of regenerating liver.
He also found that the growth capacity of normal rat liver in culture 
was inversely proportional to the age of the donor animal and that 
regenerating liver had a raised growth capacity. Leffert (1974) 
and Koch and Leffert (1974) reported that the initiation of DNA 
synthesis inr.quiescent foetal rat hepatocytes involved not only
serum factor(.s) but at least six hormones; insulin, growth hormone, 
hydroxycortisone, thyroid hormone (T3 and T4) and glucagon. Other 
authors have also reported that insulin promotes the growth of 
hepatocyte culture CGerschenson et al 1972; and Benzo et al 1971). 
Leffert et al (1977) working with adult rat hepatocytes found that 
serum alone failed to sustain significant proliferation rates but 
if hormones, especially hydrocortisone and insulin, were added 
to arginine-free Dulbecco-Vogt's modified Eagle's medium prolifer­
ation was stimulated, it has been reported that the stimulation - 
of cell growth caused by hormones such as insulin is in fact due 
to the anabolic effect of the hormone, namely to an enhanced 
synthesis of DNA, RNA, protein, lipids, glycogen, to an increased 
uptake of metabolites and also to a reduced degradation of macro- 
molecules (Bernaert et al 1977).
Although the investigators mentioned above have reported the 
stimulation of DNA synthesis and cell division by various factors 
none have claimed the establishment of cultures of actively dividing 
fully differentiated hepatocytes, and until the factors responsible 
for cell division during liver regeneration are elucidated and can 
be incorporated into culture procedures it is not expected that 
parenchymal cells from adult liver will divide and retain their normal 
characteristics in vitro.
Culture methods and their possible effects on hepatocyte differen­
tiation and proliferation in vitro.
Although there is an obvious requirement for an improved culture 
medium which satisfy the chemical requirements of hepatocytes in vitro
more fully, another important factor which appears to have been 
overlooked is that normal development of hepatic tissue in vivo 
is dependent upon interactions between tissue components and these 
interactions may be therefore very important for the maintenance 
of the differentiative state in vitro.
In cell culture particularly in sparse monolayer culture the 
isolated cells are at the ’mercy' of their new environment, the 
culture medium must therefore supply not only the conditions for 
survival but the wherewithal for specialised metabolism normally 
provided by surrounding cells and their products. However, from 
the discussion above it is obvious that the overall nutritional 
recruirements for comolex differentiated svstems such as hepatocytes 
are unknown. In organ culture, although cellular organisation is 
present there are inherent problems with using this system, i.e. 
the limited accessibility of nutrients and oxygen to the central 
cells. A compromise would seem to be the study of hepatocytes in 
the intermediate ground between cell and organ culture. A beginning 
has been made in the study described here in using hepatocyte 
aggregates which have been shown to retain both morphological and 
functional differentiated characteristics longer than their counter­
parts in monolayer culture.
The term aggregation in this study is used to describe the 
joining of single hepatocytes to form a grouping of cells with some 
degree of organisation i.e. the formation of bile c.ahaliculi-like 
spaces between the hepatocytes. The cells in the centre are not 
so tightly packed together as in organ culture and therefore may 
receive sufficient nutrients for their survival and well being.
Of course before aggregates- vrfll form ft is necessaty to have a 
minimum number of viable cells- in intimate association with each 
other, thus the necessity, as- discussed earlier, for relatively 
high yields of viable hepatocytes.
There are various reasons why hepatocyte aggregates survive 
and remain differentiated longer than monolayer cultures of hepato­
cytes. Firstly, substances which are present and retained by the ; 
cells in organised tissue in vivo are lost and dissipated in the 
culture medium when cells are cultured in monolayers; however this 
loss of essential elements from cells in aggregates will be reduced 
as equilibration occurs between the cellular pool and the small 
amount of culture medium in the micro-environment between the 
hepatocytes (as discussed earlier). Secondly, this large cell 
population density to medium ratio which occurs in aggregates allows 
for the medium to be more readily ’conditioned* than in monolayer 
culture.
Although retention of cellular elements and conditioning of 
the medium are undoubtedly important factors for cell survival and 
the retention of their differentiated state in vitro, interactions 
between cells have also been reported as being very important for 
controlling differentiated behaviour. The hepatocytes in aggregates 
are intimately associated and thus may satisfy this requisite for 
cytodifferentiation.
In the study described here the cultured aggregates consisted 
of a heterogeneous cell population (see Chapter 3) however by using 
new techniques (as discussed earlier) for the isolation of pure cell 
populations it may well be possible to culture aggregates of a pure
hepatocyte population. Although. thf§ technique may prove excellent 
for the study- of hepatic metabolism in a non-dividing population 
of hepatocytes it may not be so useful for growing differentiated 
hepatocytes in vitro. As- it is well established in vivo that 
interactions between tissue components are important for the 
progression and maintenance of a differentiated state it is possible 
that differentiation of tissue in culture might also be dependent 
upon the influence of another tissue or cell type, thus in using 
pure cell populations these epithelio-mesenchymal interactions 
will be lost. The relations between epithelium and mesenchyme have 
been explored in a number of rudiments of mouse and chick and the 
following general statement was made: "The epithelial component
of a number of tissues including kidney, thymus, thyroid and 
pancreas do not continue characteristic differentiation when isolated 
in vitro, however on recombination with'mesenchyme from its own 
rudiment type the epithelium renews its morphogenetic and differ- 
entiative behaviour" (Grobstein 1969).
It has been demonstrated that this effect does not depend upon 
actual contact between cells as mesenchyme exert their characteristic 
effect across membrane filters (Grobstein 1962). Therefore another 
method of obtaining cellular interactions without using a mixed cell 
population, which has certain problems e.g. overgrowth of one cell 
type by another, is to use a parabiotic culture system as described 
by Katsuta et al (1968). This would allow quantitative examination, 
by counting or other parameters, of the interaction between different 
types of cells on the basis of the effect on cell proliferation 
through the culture medium.
Reaggregation of hepatocytes to form a semi-organ culture which
allows some organisation of the cells may be more analogous to 
the behaviour of liver cells in situ than are the behaviour of 
single hepatocytes in suspension or monolayer culture. If this 
is the case hepatocyte aggregates should be of value in the 
investigations of hepatic metabolism as well as hepatic differen­
tiation in vitro.
The relevance of the use of cultured hepatocytes in pharmacological 
investigations
In the foregoing pages, a simple, reproducible method for the 
isolation and cultivation of fully differentiated adult mammalian 
hepatocytes in vitro as demonstrated by morphological and biochemical 
studies (see Chapters 3 and 4) has been given, and some of the ways 
to which these can be utilized in toxicology and metabolic studies 
have been indicated both by a review of relevant literature (see 
Chapter 1) and a number of experiments undertaken during the course 
of the investigations described here (see Chapters 4 and 5). In 
general, reasonable agreement was seen between the results obtained 
in vitro and those seen in animal studies. Thus from the results 
obtained in this study and from experiments of other-workers cited 
above it would appear that the successful cultivation of adult 
mammalian hepatocytes in vitro has presented investigators with a 
technique with which to undertake a variety of studies on hepatic 
physiology. However, the relevance of liver culture techniques to 
pharmacological investigations must be considered from the standpoint 
of the following specific problems: species differences; storage
of cells; drug metabolizing systems i.e. continual monitoring and 
choice of method for monitoring response.
Choice of species
An important problem in both in vivo and in vitro pharmaco­
logical studies is that of predicting species differences, and some 
of the marked differences which occur between species in the 
metabolism of foreign substances have been described by Williams 
(1963, 1964). Glucuronide synthesis is nearly absent in the cat. 
Mercapturic acid synthesis occurs readily in rat, rabbit, dog, 
cat and pig but very poorly in man and guinea pig. The dog and 
guinea pig have individual defects in acetylation mechanisms not 
shown by man, rabbit, rat or monkey. Further examples are given 
by Coulston (1966). Hepatocytes from a selection of laboratory 
animals e.g. rat, mouse, pig, dog, guinea pig, cat and monkey, 
would be isolated, exposed to test compounds under the same 
conditions and the results compared to see whether in vivo species 
differences are retained. Since the techniques of recirculation 
perfusion of the liver with a solution containing collagenase/ 
hyaluronidase has been shown to be adequate for digesting livers 
with a high and low connective tissue content (see Chapter 3) it 
should prove suitable for the digestion of most mammalian livers 
resulting in the release of viable hepatocytes.
It would of course be impracticable to isolate and culture 
hepatocytes from a large number of species every time an investi­
gation was to be undertaken, therefore storage of the cells is 
necessary. This is especially relevant in man where liver is 
available only infrequently and many cells can be produced.
Storage and recovery of hepatocytes
It has now been firmly established that storage of tissue 
culture cells in liquid nitrogen at a temperature range of -150°C
to -195°C largely prevents deterioration due to thermodynamic 
changes (Nagington et al 1962). Zuckerman et al (1968) have used 
this method for storing human foetal liver; cells placed in 
medium 199 containing 20% v/v DMSO were frozen at a cooling rate 
of 1°C per minute from 5°C to -15°C and 5°C per minute between 
-15°C and -50°C. The ampoules were then transfered to a liquid 
nitrogen container and stored in nitrogen vapour (-160°C) for 
periods varying between two and seven weeks. When required the 
ampoules were removed from the liquid nitrogen and quickly thawed 
in a water bath at 40°C; excellent recoveries of viable cells was 
reported. However the results of recent investigations undertaken 
at the University of Surrey would suggest that the applicability 
of such methods to adult hepatocytes is in some doubt (Bridges 
1978).
Drug metabolizing enzyme systems - monitoring of
After recovery of the hepatocytes from storage in liquid 
nitrogen it may be necessary to monitor the drug metabolism enzyme 
systems of the cells, i.e. induction and inhibition, for any 
changes which may have occurred as a result of storage. Also if 
it proves possible to culture dividing populations of hepatocytes 
continual monitoring of the enzyme systems may prove necessary since 
Owens and Nebert (1975) reported that in proliferating cell cultures 
derived from liver or hepatoma tissue, phenobarbitone treatment 
appeared to lead to the formation of cytochrome P-448 as opposed 
to an increase in normal cytochrome P-450 which is found after
t
phenobarbitone treatment in vivo. As certain compounds are known to
be metabolized differently by P-448 than by P-450, Owens and Nebert 
(1975) suggested caution when using liver hepatoma-derived cultures 
for pharmacological studies. The results of the study described 
here suggest however that in non-dividing hepatocytes P-450 rather 
than P-448 is induced by phenobarbitone treatment and that there is 
no change from a P-450 type metabolism to a P-448 type metabolism 
during the course of the culture, there was however a progressive 
decline cell aspect of drug metabolism (both P-450 and P-448 and 
conjugation) with increasing age of cultures (see Chapter 4). It is 
therefore possible that non-dividing hepatocytes may be the model 
of choice for studying drug metabolism in vitro.
Choice of method for monitoring response of cells to pharmacolocigal 
agents.
In considering the choice of culture methods from the number of 
procedures which have been described above, the prime concern must 
be to obtain conditions as near as possible to those existing in 
adult tissues in vivo. The conditions under which cultures have 
been maintained for most toxicological studies reported have been 
unphysiological owing to. the intermittent renewal of media resulting 
in the cells being alternatively 'feasted and fasted' and subjected 
to fluctuations in gas tension, pH, and accumulation of metabolites.
Although this must happen in some extent to liver in vivo the
magnititude of changes is probably not so great as that which occurs 
in vitro.
A quite different approach would be through the method of Kruse
et al (1963, 1969) who prepared isolated cells by the usual enzymic
methods but used an automatic perfusion system which provided
conditions for multiple layering of cells. It seems possible that 
this system could be a useful chronic method of exposure of 
hepatocytes to toxic substances, retaining as it does the cell 
contact factor but still allowing histochemistry and a modified 
form of histopathology; furthermore the perfusion system can be 
controlled and this would facilitate the addition of test compound 
and the collecting metabolites. It is also possible to programme 
the rise and fall of levels of the compound in the perfusate to 
simulate the effect of daily dosing in vivo. Also using this 
method the main metabolites of the test compound in the culture 
fluid could be detected and characterized.
A major problem with using non-dividing hepatocytes in 
pharmacological investigations is that they may not be susceptible 
to the action of chemicals which exert their biological effect on 
proliferating cells only. It may therefore be necessary to 
coincubate a dividing cell population (target cells) in the presence 
of the hepatocytes, the latter being used as the activation system.
It had also been suggested that it may be feasible to culture .. 
hepatocytes in the presence of the test compound and then use the 
culture fluid containing liver metabolites for other tissues.
However, the results of a recent investigation into whether direct 
or proximate contact between target cells and mediators of metabolism 
was necessary for the induction of mutagenesis indicates that such 
contact is essential in both cell and microsome - mediated mutagen­
esis of mammalian cells (Kuroki et al 1978) . Two mechanisms were 
suggested for explaining why contact is necessary, one is the chemical 
instability of the ultimate reactive metabolites formed, such 
unstable compounds would decompose in aqueous media and therefore
not reach the DNA of the target cell. Alternatively, when ultimate 
metabolites with lipophilic properties are formed they could reach 
the target cells by transfer through the lipid matrix of membranes 
and could be retained in the lipid phase.
In the study presented here a number of investigations were 
undertaken using hepatocytes as the metabolizing system and another 
cell type as the target tissue (see Chapters 4 and 5) but as these 
experiments did not involve the comparison of microsomes and 
hepatocytes it is not possible to comment on the results of Kuroki 
et al (1978) described above.
4. Potential application of hepatocyte culture in toxicology
The system described for the culture of differentiated adult 
mammalian hepatocytes is potentially a very useful tool with which 
to study a wide range of problems concerned with hepatocytes and their 
involvement in metabolism and toxicity. Some examples of the ways 
in which hepatocyte cultures can be used in such studies have been 
described and discussed (see Chapters 4 and 5). Total metabolism 
of a drug can be studied using this system and it is probably in 
this area that cultured hepatocytes can make the biggest impact 
being useful in conventional xenobiotic metabolism studies i.e. the 
metabolism of therapeutically administered drugs and pesticides.
Examples of the ways in which the cultures may be used to 
study the short-term effects of toxic agents on the morphology and 
function of hepatocytes have been described (Chapter 5). Of the
f
methods examined leakage of enzymes from the cells into the; culture 
medium and changes in intracellular enzyme levels, as measured by
i
a quantitating microdensiotometer, appear to be the most sensitive 
indications of cellular damage. However with the sophistication 
of measurement techniques e.g. use of quantitating microspectro- 
fluorimeters and the increasing use of quantitating microdensio- 
tometers it is expected that new cytochemical assays will become 
available which will greatly enhance the application of hepatocyte 
cultures for drug metabolism and toxicity studies.
Unfortunately the cultures, at their present state of 
development, would appear to have only a limited usefulness in in 
vitro carcinogenicity studies. Although they have proven to be 
capable of acting as the metabolising system (feeder layer) in 
in vitro bioassays for the detection of mutagens and/or carcinogens 
e.g. Ames type test and alkaline elution assay, the results of the 
investigations undertaken here would suggest that the cells them­
selves, probably as a result of their inability to divide, are not 
very vulnerable to damage by carcinogens. Other authors have 
however claimed that cultured hepatocytes can be used as the target 
tissue in assays for the detection of carcinogens (Williams, 1977) 
and preliminary investigations undertaken at the University of 
Surrey have indicated that a short exposure (3 hours) of hepatocytes 
to chemical carcinogens leads to an increase in cellular o^-foeto- 
protein levels. It seems that further investigations are therefore 
needed before the usefulness of cultured hepatocytes for the 
in vitro detection of carcinogens,will be fully resolved.
Other areas in which hepatocyte cultures should prove of value
t
are in the understanding of the intracellular regulation of the 
microsomal mixed function oxidase (MFO) system and in the initial
events in chemical induced toxicity and the means by which 
protection might be afforded, They should also provide a valuable 
model for the appraisal of hormone action and their effects in 
drug metabolism.
In conclusion although there are obviously many problems to 
be overcome (as discussed earlier) before hepatocyte cultures can 
be fully exploited for the study of certain biological problems, 
such as carcinogenesis, they should prove to be of great value in 
studying the relationship between metabolism and hepatotoxicity 
for a wide range of non-carcinogenic compounds.
i
APPENDIX
Suppliers of Media, Media Supplements, and Chemicals.
14 ->C C_/-Acetate Sodium 
Aminopyrine
Antibiotics/Antimycotic 
-Aniline 
r3*j -Benzo (<^) pyrene 
-Benzoic acid 
Bilirubin 
Biphenyl
Bromsulphthalein 
Calf serum 
Colcemid
Collagenase (Type II)
Cyclophosphamide
3C Hj-Dimethylbenzanthracene
Ethylmorphine hydrochloride
^■^cy-Glucose
Glutamine
Hippuric Acid
Hyaluronidase (Type II)
Insulin
-Leucine
Medium 199 with Earle' s salts and 
HEPES buffer
oL-Naphthoflavone
/”14C_7-Nicotine
Radiochemical Centre, Amersham. 
Aldrich
Flow Laboratories.
Radiochemical Centre, Amersham. 
Radiochemical Centre, Amersham. 
Radiochemical Centre, Amersham. 
Sigma.
Aldrich.
Aldrich.
Flow Laboratories.
Calbiochem.
Sigma.
Ward and Blenkinsop. 
Radiochemical Centre, Amersham. 
May and Baker.
Radiochemical Centre, Amersham. 
Flow Laboratories 
Aldrich.
Sigma.
Vitrum AB.
Radiochemical Centre, Amersham.
Flow Laboratories 
Aldrich
Radiochemical Centre, Amersham.
Phenobarbitone sodium
Phosphate buffered saline 'A' 
3
H _7-Thymidine 
Trypan blue 
Trypsin
BDH
Wellcome Research 
Radiochemical Centre, 
Flow Laboratories. 
Wellcome Research.
Amersham.
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